NASA

-

[ I N o
ER A 4 169262

) . SR R : :
JPL PUBLICATION 82-57 . T

: _ . . -

: e NB2-31824 ——
. {INMETICS AMND . =
éig:gCELEHICAL DATA FOR USE m‘smncausam o=
MODELING: EVALUATIUN uunéaac; :;e§01 Unclas un:%—
propulsion Lab.) 193 p Ho RES/SE B0oo0 5y g3pus 28000 2=
.

Chemical Kinetics and Photochemical ,l
Data for Use in Stratospheric Modeling

Evaluation Number 5

NASA Panel fbr Data Evaiuation:

W.B. DeMore
R.T. Watson
Jet Propulsion Laboratory

D.M. Golden

SR International

Robert F. Hampson

" Michael Kurylo
. National Bureau of StandardgA

July 15, 1982

Naticr.al Aeronautics and
Space Administration

Jet Propulsion Laboratory
California Institute of Technology
Pasadena, Califor_nia

<

Carleton J. Howard - f
NOAA Environmental Reseasch Laboratory’

" Mario J. Molina
University of California, lrvine

. A.R. Ravisihankara
Georgia Institute of Technology

| TECHNICAL LIBRAES{

KN ‘g4v) AHVHEIT HO3L



JPL PUBLICATION 82-57

TECH LIBRARY KAFB, NM

T

00b2945

‘Chemical Kinetics and Photochemical
Data for Use in Stratospheric Modeling

Evaluation Number 5

NASA Pane! for Data Evaluation:

w.B. beMore

R.T. Watson
Jet Proputsion L aboratory

D.M. Golden
SAI International

Robert F. Hampson

Michael Kuryto
Natonal Buteau of Standards

July 15, 1982

National Aeronautics and
Space Admmistration

Jet Propulsion Laboratory
Cattornia tnstitute ot Technology
fPasadena, Callornia

Carleton J. Howard
NOAA Environmentat Research Laboratory

Mario J. Molina
University of California, Irvine

A.R. Ravishankara
Georgia Institute of Technology



N

This publication was prepared by the Jet Propulsion Laboratory, California Institute
of Technology, under a contract with the National Aeronautics and Space
Administration.



s

s

=<3

ST .
- SR

it

INTRNDUCTION . o &

BASIS OF THE RECOMMENDATIONS .

DISCUSSION « o ¢ o « s « « &«

RATE

CONSTANT DATA ., .

0, Reactions. . . . «
o(p) Reactions . . .
HO, Beéetions « s o e
NO, Reactions . . . .
Halogen Chemistry . .

Hydrocarbon Oxidation

CONTENTS

SOx Reactions . « « o« ¢ o ¢ &

Photochemical Cross Sections,

Status of Atmospheric
i e .
Format . « ¢ ¢ ¢ o &
Error Estimates . . .

Units . « ¢ &+ ¢ ¢« & &

Chemistry .

Second-Order Reactions - Table of

Second-Order Reactions - Notes
Three-Body Reactions - Table of Data

Three-Body Reactions - Notes

1i1

-

Y o N ot Yot WN

- el e
N OV e

22
23
24
34
88




i e R —— ——

#
&
I

CONTENTS (CONT.)
EQUILIBRIUM CONSTANTS « o o « « s o o s o s s o o o o s s s s o o oo 97
-For‘mat.'-..-.....-_....-.-..'-o.-----97

- Table of Data for Equilibrium Constants ¢« « ¢ ¢« ¢« « s ¢« a « o« o« 99

- NOteS s 4 ¢ o o ¢ ¢ ¢ o ¢ o o 4 ¢ o s s o s o s ¢ 6 00 e e o o 100
PHOTOCHEMICAL DATA « « « o o o o o « o o o e o s s s s s o o o o oo 102
- Discussion of Format and Error Estimates . . « ¢ ¢ ¢ ¢ o b oo 102
; Cross Section Tables .« « o ¢ ¢ o v o o ¢« o a ¢ o ¢ s o ¢ o o « 104
REFERENCES 4 4 4 o o o ¢ o ¢ ¢« o o o ¢ o ¢ « ¢ s o o o 06 8 s ¢ 9 a9 ¢ 155
Iables
1. Rate Constants for Second-Order Reactions . « o « ¢« ¢« ¢ ¢ ¢ o « « 24
2. Rate Constants for Three-Body ReactionRS « o« « « « ¢« o s ¢« ¢ « « » 88
3. Equilibrium ConstantS . « ¢ o« « « « o ¢« ¢ ¢ o« a o o «a s s s o o « 99
Y. Photochemical Reactions of Stratospheric Interest . . « « ¢« « « « 104
5. Comﬁined Uncertainties for Cross Sections and Quantum !ields. « « 105
6. Mathematical Expression for O('D) Quantum Yields,?, in the
Photolysis of 03. I R R R R R 107
T. Absorption Cross Sections of HOs « v ¢ o ¢ ¢ o o o o o o o « « » 108
8. Absorption Cross Sections of H202 Vapor ¢ ¢« o« o o o o o o o o« o « 109
9. NO2 Absorption Cross Sections at 235 and 298K . « « o o o o« & o o 111
10. Quantum Yields for N02 Photolysis o ¢ o« ¢ o o o o ¢ ¢ o o o o = o« 112
11. Absorption Cross Sections of N03 e o o o 5 4 o s s e e v s e s o115
12. Mathematical Expression for Absorption Cross Sections of Nzo
as a Function of Temperature . « « « o« ¢ o o s o ¢ o« ¢« o ¢ « o o 116

13. Absorption Cross Sections of N205 T A AR A I {

iv



)

Ry |

",

15.
16.
17.
18.

19,

20.
21,

22.

HONO Absqrption Cross Sections

" Absorptisn Cross Sections of HNOB Vapor . . . .

Absorption Cross Sections of H02N02 vaper « o« .

Absorption Cross Sections of Clz. o o s ... .

Absorption Cross Sections Of Cl00 & ¢ ¢ o o o

Clo3 Absorption Cross Sections. « « 4 « o ¢ o &«

Absorption Cross Sections of HCl Vapour. « « «

Absorption Cross Sections of HOCI « « ¢ ¢ o ¢ &

C1NO Absorption Cross Sections. « « « ¢ o ¢ o o

23. Absorption Cross Sections of ClNOz.. e o o o

4.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

35.

36- )

Cl1ONO Absorption Cross Sections at 213K . « ¢ &

Absorption Cross Sections
Absorption Cross Sections
Absorption Cross Sections
Absorption Cross Sectiors
Absorption Cross Sections
Absorption Cross Sections
Absorption Cross Sections
Absorption Cross Sections
Absorption Cross Sections

Absorption Cross Sections

Or CHZO L] L] L] - L - L L]

. Absorption Cross Sections

Absorption Cross Sections

of

of

of

of

of

of

of

of

of

CLONOy « o o o o &
CCly « o o o o o o
CCL3F .+ v v o o ®
CCLFp o o o o o &
CHCIFp « o v o o .«
CHyCL & o v o o &
CC1,0, CC1FO, CF,0
CHyCCly « o o o »

BrOH02 e e o s o o

and Quantum Yields for Photolyasis

of

of

CH300H.0#.0.~......

ocs...‘"."Il.....

118

119

120

121
123
125
126
128
130
131
132
134
137
138
139
140
141
143
145
146

148
149
153

[T,



-

=Sy FER B

ABSTRACT

This is the fifth in a series of evaluated sets of rate constants and

photochemical cross sections compiled by the NASA Panel for Data
Evaluation. The primary application of the data is 1h the modeling of
stratospheric processes, with particular emphasis on the ozone layer and

its possible perturbdbation by anthropogenic and natural phenomena,
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~ CHEMICAL KINETICS AND PHOTOCHEMICAL DATA

. FOR USE IN STRATOSPHERIC MODELING

INTRODUCTION -

The present compilation of kinetic and photochemical data represents
the fifth evaluaion prepared by the NASA Panel for Data Evaluation. The
Panel was established in 1977 by the NASA Upper Atmosphers Research
Program Office for the purpose of providing a critical tabulation of the
latest kinetic and photochemical data for use by modelers in computer
simulations of stratospheric chemistry, The previous publications

appeared as followg:

Evaluation Number Raference

1 NASA RP 1010, Chapter 1

(Hudson, 1977)

2 "~ JPL Publication 79-27

(DeMore et al., 1979)

3 NASA RP 1049, Chapter 1

(Hudson and Reed, 1979)

4 JPL Publication 81-3

(DeMore et al., 1981)
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The present composition of the Panel and the major responsibilities

of each member are listed below:

W. B. DeMore, Chairman (Chapman chemistry)

F. Kaufman, Advisor

D. M. Golden (three~body reactions)

R. F. Hampson (halogen chemistry)

C. J. Howard (HO, chemistry, 6{'D) reactions)
M. J. Kurylo (SOx chemistry)

M. J. Molina (photochemical cross sections)
A. R. Ravishankara (hydrocarbon oxidation)

R. T. Watson (ch chemistry).

As shown above, each Panel member concentrates his eftort on a given
area or type of data. Nevertheless, the final recommendations of the
Panel represent a consensus evaluation by the entire Panel. Each member
reviews the basis for all recommendations, and i3 cognizant of the final

decision in every case.

BASIS OF THE RECOMMENDATIONS

" The recommended rate constants anc eross sections are based on
labobatory measurements, and in general only published data aré
considered. Occasional exce#tions'are made-uhen preprints or articles

submitted for publication are available vo the Panel. In no cases are
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- rate constants adjusted to fit observations ot stratospheric
concentrations. The Panel does consider the question of consistency of
data with expectations based on kinaticﬁ theories, and in cases Hnére a
discrépancy appears to exist, this fact is pointed out in the accompanying
notef The major use of theore;ical extrapolation of data is in connection
Hith three-body reactions, in which the required pressure or temperature
depehdence is sometimes unavailable from laboratory measurements, and can
be estimated by use of appropriate theoretical treatment. In the case of
a few important rate constants for which no experimental data are

available (for example, OH + HOCl- Hy0 + Cl10), the Panel has provided

estimates of rate constant parameters, based on analogy to similar

reactions for which data are available.
r
DISCUSSION

In this section we review the general state of laboratory kinetics
and photochemistry. Specific discuegsions of individual reaction
categories are also included.

While there have been no major upheavals in stratospheric chemistry
since the last panel evaluation, the recommendations for certain key
reactions (for example, O + HO,, OH + HO,, and OH + HNUu) have changed
significantly, and the implications for atmospheric models have been
important. Fortunately, the resulting changes seem for the most part to
bring the model predictions into closer agreement with measured
strétosphefic properties such as the Cl0 profile.

The 1mprovéments in precision, reliability, and completeness of the

kinetics data have not been accompanied by a corresponding incrcase in



theoretical undersﬁandin'g of the reactions in question, however. It is
still unknowr-z, for example, why the OH + CO reaction éxhibit;s a pressure
dependence, insofar as the detailed mechanism is concerned. A similar
situation holds for the reactions OH + HOZ, 502 + uoa, and (to some
extént) OH + HN03. Thus, there is an element of enpiricism in some of the
important rate recommendations. |

In our previous evaluation (JPL 81-3) we identified, as one problem,
the relative paucity of advanced techniques for the identification of
reaction intermediates and products. This is an area whach has not
progressed as rapidly in recent years as has the capability for
measurement of absolute reaction rates. In some cases such information is
required to fully elucidate the reaction mechanism, Several groups are
now Jeveloping new apparatus for these purposes, and it may be hoped that
progress will be rapidly forthcoming.

In the area of product identitication, the question of isomer
formation in several key reactions continues to be unresolved. Although
the Cl0 + NO, reaction, giving possible isomeric forms of chlorine
nitrate, is the classic example, there may conceivably be a role of
isomers in at least a transient form in other important reactilons, such as
LH + NO, and HO, + NO,. These questions require further clarification.

We have alsc pointed out previously that there are some
disagreements of rate'.parameters, particularly pre-exponential factors,

with expectations based on transition state theory. Such discrepancies

are disconcerting. The principal example in this connection is the HOZ +

03 reaction, which exhibits an abaormally low A-t‘actor for a reaction

which presumably involves a simple hydrogen transfer in the rate-

i ey A a7 s e b % S



determining step.

0, Reactions

The kinetics of the O, 0, and O system appear to be well
eécablished, and there .have been no changes in the rate conat;_ant
recommendations in this evaluation. There is some concern about possible
roles of excited states of O3 or 0,, especially 02(1A ), but at present
there is no evidence that these states have any important eftects on the

overall chemistry of the stratcsphere.

o(1D) Reactions
The data base for 0('D) reaction chemistry is in fairly gooa

condition. There is good to excellent agreement in independent

measurements of the absolute rate constants for 0(1D) deactivation by the -

major atmospheric components, N2 and 02, and by the critical radical
producing components, H20, CHy, N,0, and H;. There are fewer direct
studies of the products of the deactivation processes, but in mosit cases
these details appear to be of minor importance. Some processes of
interest for product studies include the reactions of 0(1D) with CHy and
halocarbons. Poasible‘ kinetic energy ef:‘e_cts from photolytically
generated o('p) are probably not important in the atmosphere but may

cnntribute cemplications in laboratory studies.

HOx Reactions

This family of reactions continues to be a major source of

uncertainty in stratospheric cheﬁ:istry. ‘The principal reasons are that




the HO2 radical 1is rélatively difficult to produce and_to.monitér cver tﬁe
wide range of temperature and piressure conditions that exast in the
' stfatosphere and that key HOZ reactions show an unusual dependence onr
" these reaction conditions. 3pecifically the temperature, pressure, and
.water vapor dependencies observed for the HO2 + HOZ reaction and the
pbesaure dependence observed for the H02 +.OH reaction are u.iexpected.
New results on both of these reactions have led to new recommendations
which attempt to incorporate some of the observed behavior. Although
significant progress has been made, the data base on bath reactions 1;
still relatively weak and incomplete. The recommendations for the 0 + HOZ
and OH + OH reactions have been changed to 1ncorpprate new studies that

include the temperature dependence of these important reactions.

NOx Reactions

The kinetics data for this class of reactions are considared
reliable,-particularly following the recent improvements in the OH + HN03
and OH + HNOu rate constants. Furthermore, there are now measurements of
the temperature and pressure dependences of the H02 + NOZ reaction, thus
providing a more reliable assessment of the role of HNOu in the
stratosphere. It must be mentioned, however, that the NPx class of
compounds is not one in which there is particularly good agreement between
field measurements and model predictions. The HN03 profile is an example,
and there also appear to be diftriculties in accounting for the
observations of N03. It is not clear at the present time whether the

Giscrepancies are due to incorrect chemistry or measuwrement problems.



“Halogen Chemistry

The recommendations for the 1mhortant Cle reactions have not

- changed significantly since the previous evaluation (JPL 81=3). This-

reflgcts the fact that from the standpoint or-the CFH-03 question many of
_ the important rate constants, such as those for Cl + 03, NO + C10, O + Cl0
and CH + HCl, have been measured reliably and recommendations can bé made
confidently. One rate constant recommendation which has changed
substantially is that of the Cl + ClN03 reaction, which is now known to be
almost two orders of magnitude faster than previously believed. This
change has little impact on stratospheric models, but does have
significance with regard to laboratory experiments on the photolysis of
chlorine nitrate. (See discussion of chlorine nitrate cross sections,)
The table now includes new entries for reactions of chlorine atoms with
more organic species (C3H8, C2H2, CH3OH) and with HOCl. In the reaction
of Cl with HO2 the channel to produce Cl0 + OH is now known to be much
more significant (20% at 298 K) than thought previously.

Recent kinetic studies of the HO + Cl0 and HO, + Cl10 reactions
suggest that formation of HCl is negligible, thus diminishing their
potential importance in the stratosphere as chain terminators. The strong
negative T-dependence of the_HO2 + Cl10 reaction does, however, enhance the
bossible role of HOCl as a chlorine reservoir in stratospheric chemistry.
Howevér, such effects are probabdbly m1n§r since the role as a sink is
qounter-balanced by the possible aétion of HOC1 ih a catalyt;c 03
destruction éycle arising througﬁ photolysis.,

‘ Other than a few minor refinements, there have b;en no changes in

the data base for BrO, and FO, reactions{f



Hvdrocarbon Oxidation

Our understanding of hydrocarbon oxidation in the atmosphere has
improved considerably in the past few years. All hydrocarbons are
produced in the biosphere and their degradation in the troposphere is
initi%ted by reaction with OH (and with ozone in the case of olefins).
Depending on their reactivity with OH, a fraction of the surface flux of
hydrocarbons is transported into the stratosphere where their oxidation
serves as a source of water vapor. In addition, reaction of Cl atoms with
these hydrocarbons (mainly CHq) constitutes one of the major sink
mechanisms for active chlorine, Even though CHu is the predominant
hydrocarbon in the stratosphere, we have included in this evaluaticn
certain reactions of a few heavier hydrocarbon species.

In the stratosphere, CHy oxidation is initiated by its reaction with
either OH or Cl (and to a l1imited extent 0(1D)), leading to formation of
CH3 and subsequently CH302. Several detaills of the subsequent chemistry
are unclear, however. Three reactions which are not well characterized
are: CH302 + HO,, which exhibits an unusually large negative temperature
dependence; CH30 + 0y, which has not been well studied at or below roon
temperature; and the CH3OCH + OB reaction, for which the rate constant has
not been measured at all. The CH302 + HO, reaction is the main source of
CH300H in the stratosphere, and an unusual temperature dependence has been
measured for this reaction, suggesting a complex mechanism analogous to
that for the H02 + HOZ reaction. Further studies on the temperature and
pressure dependence of this reaction are needed., The CH30 + 02 reaction
rate constant has recently been measured directly at high temperatures,

but measurements at lower temperatures are also needed.. Nevertheless, it



is quite Elear that the main pathway ror.CH30 in the atratosphere #a
reaction with-oz. Even though the rate constdnts for the three reactions
mentioned above are not very well known, the eftects of these
uncertainties on ;tratoapherio 03 perturbation ocalgulations are
negligible.

The rate constant for CH302N02 formation from CH302 and NO; is well
defined. However, the role of CH302N02'1n the stratosphere remains
unclear, owing to the lack of data on its thermal decomposition and
photolysis.

Formaldehyde photo~oxidation to form CO can be considered well
understood, especially since the rate of the HCO + 02 reaction is known.
The rates of the.OH and 0(3P) reactions with CH,0 and the photolysis cross
sections of Cﬂzo are accurately known.

Another area of hydrocarbon oxidation which has seéen a great deal ot
improvement is that of product analysis. However, some additional work
may be required to measure branching ratios for reactions such a=s CH302 +
CH30;.

The oxidation scheme for higher hydrocarbons has not been fully
elucidated. However, the rate of transport of these hydrocarbons into the
stratosphere can be easily calculated since the rates ot reactions with OH
are well known. In most casés it 1s expected that the radicsls formed
from the initial OH dy Cl attack will follow courses analogous to CH3, and

ultimately lead to CO.

SOx Reactions

Oxidation of 502 is considered to be a principal source of the
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gulruric Qcid and ammonium suliate aerosol particles which make up the
Junge layer in the lower atratosphére. Tﬁis layer, originally thought to
be the result or_volcanic aqtivity, has persisted during extended periods
of volcanic inactivity. It .is now believed that sulfur containing spéoiea
such as OC8 (of either biogenio or anthropogenic origin) can serve as
‘photolytic or reactive sources of reduced sulfur which can ultimately be
oxidized into S0, SOE, and thence to sulfuric acid.

There is increasing evidence of a molecular oxygen effect cn the
reactions of such sulfur containing compounds. The reaction of
electronically excited Cs2 with O, has been suggested as an important
tropospheric 1oss mechanism of CSE and source of 0CS. Similarly, the
reaction of OH with csz is appreciably accelerated 1nlthe presence of 02.

suggesting the reaction of a CS,-OH adduct with 0,. While further such 0,

reactions have not yet been quantitatively appraised, their occurrence may

be very important to a ccmplete understanding of SOx chemistry.

Among the simple bimolzcular reactions, those involving sulfur atoms
are reasonably well defined for stratospheric purposes. Our understanding
of atmospheric SH reactions, on the other hand, suffers from the absence
of relevant rate constant measurements. As the body of information on SH
radical activity is increased, further entries describing its atmospheric
behavior will be added.

The tables have been expanded to include several reactions
deacribing the formation and subsequent oxidation of SO. A complete

description of SO oxidation by both radical and molecular species cannot

be presented at this time. Many S0 reactions appear to occur with rate -

constants greatly exceeding the NO reaction analogues, Further work is

10
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7

needed to fully assess the importance of SO reactions with species such as

OH, HOp, C10, Bro, eto.

Photochemical Crosa Sactiona

The absorption cross sections of 02 in the 185-210'nn range-~i.e.,
in the Schumann-Runge bands and at the onset of the Herzberg continuume-
require further study; estimates of the penetration of UV radiation in the
atratospheré depend critically on these cross sections, Also, tha
absorption cross sections of 03 and their temperature dependence should be
accurately remeasured in view of their importance for atmospheric modeling
and for interpreting Dobson and BUV data.

The temperature dependence of the absorption cross sections of
H02N02 and HNO3 in the 300 nm region should be determined.

New results on the rate constant for the Cl + C1N03 reaction have
resolved previous discrepancies on the identity of the primary
photodissociation products of ClNO3 (see discussion under ClNO3 cross

sections),

Status of Atmospherdc Chemistry

The ozone content of earth's atmosphere can be considered to exist
in three distinct regions, the troposphere, stratosphere, and mesosphere,
The unpolluted troposphere contains small amounts of ozone, which come
from both downward transport from the stratosphere and from in situ

photochemical production. The chemistry of the global troposphere is

complex, with bhoth homogeneous and heterogeneous (e.g., rain-out)

processes playing important roles. The homogeneous chemistry 1is governed

1



by coupling between the carbon/nitrogen/hydrogen-and oxygen systems and
can be considered to be more complex than the chemistry of the
stratosphere, due to the.presence of higher hydrocarbons, long
photochemical relaxation ciges, higher total pressures, and the high
relative humidity which may affect the reactivity of certain key aspecies

such as HOZ. Significant progress is being made in understanding the

coupling between the different chemical systems, especially the mechanism

of methane oxidation, which partially controls the odd hydrogen budget,
This 1s an important development, as reactions of the hydroxyl radical are
the primary loss mechanism for compounds containing C-~H (CHu, CH361,
CHFZCI, etc.) or C=C (CZCIM' CZHCI3, C2Hu, etc.), thus limiting the
fraction transported into the stratosphere,

The stratosphere is the region of the atmosphere where the bulk of
the ozone residas, with the concentration reaching a maximum value of
about 5 x 1012 molecule cm™3 at an altitude of -25 km. Ozone in the
stratosphere is removed predominantly by catalytic (i.e., non-Chapman)
processes, but the assignment of their relative importance and the
prediction of their future impact is dependent on a detailed pnderstanding
of chemical reactions which form, remove and interconvert the catalytic
species. A model calculation of stratospheric composition may include
some 150 chemical reactions and photcchemical processes, which vary
greatly in théir importance in controlling the density of ozone.
Laberatory measurements of the rates of these reactions have progressed
rapidly in recent years, and have given us a basic understanding of the
processes involved, particularly in the upper stratospherc., Despite the

basically sound understanding of overall stratospheric chemistry which

12
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_preéently exi#ts, much remains to be done £§ quantify errors, to identitry
reaction channels positively, and to measure Eeaction rates both under
conditions corresponding to the lower atratdéphere (~210 K, -75 torr) as
weil as the top of the stratpsﬁhere (-2#0 K; - 1 torr).

Thé chemistry of the upper stratosphere, 1.0.30-50 km; ias thought
to-be reasohably well defined, although there appear to be some
significant difterences between the predicted and cbserved chemical
composition of this region of the atmosphere which may be due to
inaccurate rate data or missing chemistry. In this region the chemical
composition of the atmosphere is predominantly photochemically controlled
and the photolytic lifetimes of tempoirary reservoir species such as HOC],
HO,NO,, C10NO,, NeoS and H,0, are short and hence they play a minor role.
Thus the important processes above 30 ki all involve atoms and small
molecules. The majority of laboratory studies on these reactions have
been carried out under the conditions of pressure and temperature which
are encountered in the upper stratosphere, and their overall status
appears to be good. No significant changes in rate coefticients for the
key reactions such as Cl1 + 03, 0 + Cl0, NO + Cl0, O + NO,, NC + 03. etc,.,
have occurred in the last few years. On the other hand, there have
recently been rate and mechanistic studies on reactions such as HO + Cl0
and H02 + Cl0, which could ﬁlay important roles throughout the
stratosphere if they were to have product channels which generate
signifieant amounts of HCl. However, the results to date suggest mindr
HC1 bathuaya. A major area of cohcern in the chemistry of the uppér
stratasphere involves the reaction between HO and HO2 radicéla theh, as

prev;ously discussed in this section, has had considerable uncertainty in

13




ORIGINAL PAGE i3
OF POOR QUALTTY

the rate constant. This HO, termination reaction plays an important role
in determining the absolute concentration= of HO and HO,, and since HO
plays a central role in controlling the catalytic efficiencies of both N(lx

and ClO0,, it is a reaction of considerable itmportance, Within the paat

few months the uncertainty in the rate coeffjcjent for the resction has

dec'reased, now heing thought te be leas than a factor of twe over the

entire range of atmospheric conditions, It should be noted that the new

rate coefficients for the HO + H;0,, HO + HNO; and HO « HO,NO, reactions .

have had little effect on the mndel predictiona of odd HQ, conrentratinns
above 30 km, For reactions such as 0 + HO and O + HO5, which control the
Hﬂx radical partitioning above 40 km, the data base can only he considered
to be fair, and some improvements need to bhe médn before comparing
theoretical predictions with vertain field measurement data, e.g., the
HO/HO, ratio.

One area in which additionai =studies may be needed is that of
excited state chemistry, 1l.e,, studiea to determine whether electronic or
vibrational states of certain atmospheric constituenta nay be more
important than hitherto recognized. Possible examples are 02', 03'. or
NSt

The chemistry of the lower stratuvsphere is quite complex, with
significant coupling between the Ho,, NO, and Ci10, families., It is within
this region of .he atmosphere (15-30 km) where both dynamics and
photochemistry play key roles in controlling the trace gas distributions.
Here the model calculations predict large changcs in ozone concentration

(absolute number density, not percentage) from chlorofluoromethanes., It

is also within this region of the stratosphere that the queation of the

14
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pressure énd temperature dependences of the rate eoefrioienta is most
ceritical, due to the low temperatures (210-255 K) and the high total
pressures (40-270 mbar). The previously discussed quéation of possible
pressure and temperature dependences of HO and 802 reactions is highly
pertinent here. |

Our view of the chemistry of the lower stratosphere has changed in
recent years, due to changes in rate constants which have in turn led to
changes in the relative importance of reactions which control the HO,
budget in this region of the atmosphere. Prior to the appearance of
improved kinetics data for the HOQO + Hace, HO + HN03, and HO + H02N02
reactions, the major termination reaction for odd hydrogen species in
models of the lower stratosphere was the HC + HOZ-’ H20 + 02 reaction.
Recent work on the HO + H202 and HO + Hh03 rate constants has suggested
that the previously accepted values (prior to JPL 81-3) were in error,
especially ai stratospheric temperatures, and that the previously
undetermined rate coefficient for the HO + H02N02 reaction was
significantly faster than had been estimated. The major effect occurred
due to the change in rate constant for the OH + HNO3 reaction (a factor of
3 faster at 200 K). The change in the rate constant for HO + H,0, (a
Cactor of 5 at 220 K) had relatively less eftect. There are several other
-processes which nced to be restudied in order to understand HOx radical
budgets in the lower aﬁratosphere, and the HO2 + Hﬁa'reaction is an
example. The species HNO3. HOZNOZ, cmo3 and HOC1l illustrate the strong
coupling that exists between the nox, NOy, and Cl0, families. One
disturbing problem is that while these species_are cufrently thought to
play an important role in stratospheric photochemistry, only HNU3 has yet

i

15

4 - ,_"m s

T e i o R WL e b Y b e 10 B bA

TR



_been bo_sitively. observed by any field measurement study.

RATE CONSTANT DATA
Format

The order of data prese-ntal:ion has been extensively revised in the
presént evaluation. In Ta'ble 1 (Rate Constants for Second Order
Reactions) the reactions are now grouped into the classes Oxs 0(1D), HO,,
NO, CIOX, BrQ,, FO,, Hydrocarbon Reactions, and SO,. The data in Table 2
(Rate Constants for Three-Body Reactions), while not grouped by class, are
presented in the same order as the bimolecular reactions. Further, the
presentation of photochemical cross section data now follows the same
sequence., It is expected that these revisions will greatly facilitate the
location of data in the tables.

Some of the reactions in Table 1 are actually more complex than
simple two-body reactions. To explain the anomalous pressure and
temperature dependences occasionally seen in reactions of this type, it is
necessary to consider the bimolecular class of reactions in terms of t-wo
subcategories, direct (concerted) and indirect (non-concerted) reactions.

A direct or concerted bimolecular reaction is one in which the
reactants A and B proceed to products € and D without the intermediate
formation of an A + B adduct which has appreciable bonding, i.e., no
stable A-B molecule exists, and there is no reaction intermediate other

than the transition state of the reaction, (AB)%.

A+B~>(sB)* > C+D

16
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The reaction of OH with Cﬂu forming H,0 + CH3 ;s an examp;e of a reaction
of this.class. |

Ver useful correlations betweer the expected structure of the
transition state [AB]‘ and the A-factor of the reaction rate coustant can
be made, especially in reactions which are éonatrained to follow a well=
definéd approach of the two reactants in order to minimize energy
requirements in the making and breaking of bonds.

The indirect or non-concerted class of bimolecular reactions is
characterized by a more complex reaction path involving a potential well
between reactants and products, leading to a bound adduct (or reaction

complex) formed between the reactants A and B:
- [ )
A + B <& [AB] C+D

The intermediate [AB]' is different from the transition atate [AB]‘, in
that it is a bound molecule which has a finite lifetime and which can, in
principle, be isolated. (Of course, transition states are involved in all
of the above reactions, both forward and backward, but are not explicitly
shown.) An example of this reaction type is Cl0 + NO, which normally
produces Cl + NO2 as a bimolecular product, but which undoubtedly involves
C1ONO (chlorine nitrite) as an intermediate., This can be viewed as a
chemical activation process forming (ClONO)' which decomposes
uniméleculaély to the ultimate products, Cl + Noa. Reactions of the non-
concerted type caﬁ have a more complex temperature dependence than these
of the concerted type, and, in particular, can exhibit a pressure

dependence 1if the_lifatime of [AB]' is comparable to the rate of

17
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collisional deactivation of [AB]'. This arises because the relative rate
~at which [AB]' goes to products C + D vs. reactants A + B 13 a sensitive
function of its excitation energy. Thus, in actions of this type, the

distinction between the bimolecular and termolecular classification

becomes less meaningful, and it is particularly necessary to study such \.
reactions under the temperature and pressure conditions in which they are |
to be used in model calculations,

The rate constant tabulation for second-order reactions (Table 1)

gives the following information:

1. Reaction stoichiometry and products (if known).
2. Arrhenius A-factor.
3. Temperature dependence and associated uncertainty ("activation

temperature" E/R¥AE/R).

4. Rate constant at 298K.

5. Uncertainty factor at 298K.

6. Note giving basis of recommendation and any other pertinent

information.
Third-order reactions (Table 2) are given in the form
ko (T) = kg 300(1/300)7" enf s°1,
(where the value is suitable for air as the third body), together with the
recommended value of n. Where pressure fall-off corrections are
necessary, an additional entry gives the limiting-high pressure rate

constant in a similar form:

18
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Ko (T) = k390(1/300)"2 cm3 s-1.

To obtain the effective second-order rate constant for a given condition
of temperature and pressure (altitude), the following formula is used:

k (D) (1) (1 + [Logy ok (D M)/l () 1337

T+ & O mkm

k(2) = k(M,T) = (

The fixed value 0.6 which appears in this formula fits the data for all
listed reactions adequately, although in prineciple this quantity may be
different for each reaction,

Thus, a compilation of rate constants of this type requires the
stipulation of the four parameters, k,(300), n, k (300), and m. These can
be found in Table 2. The discussion that follows outlines the general
method's we have used in establishing this table, and the notes to the
table discuss specitic data sources.

Low-Pressure Limiting Rate Constant [k3(T)])

Troe (1977) has described a simple method for obtaining low-pressure

limiting rate constanta. In essence this method depends on the

det‘init.ionﬁ

KO(T) = B KkSr 3¢(1)

Here sc signifies "stroag" collisions, x denotes the bath gas, and Bx is

19
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an etriciency parameter (0 < B < 1), which provides a measure of energy
transfer.

The coefficlent Bx 15 related to the average energy transferred in

. & collision with gas x, <AE>,, via:

B <AE>
x X
EE kT

1-8 "

Notice that <AE> is quite sensitive to 8. Fp is the correctirn factor of
the energy dependence of the density of states (a quantity of the order of
1.1 for most species of stratospheric interest).

For many of the reactions of possible stratospheric interest
reviewed here, there exist data in the low-pressure limit (or very close
thereto), and we have chosen to evaluate and unify this data by
calculating k:'sc(T) for the appropriate bath gas x and computing the
value of Bx corresponding to the experimental value {[Troe (1977)1].

From the Bx values (most of which are for NZ’ i.e., BNZ), we compute
<AE>x according to the above equation. Values of <AE>¥2°f approximately
0.3-1 kecal mole'l'1 are generally expected. If multiple data exist, we
average the values of <AE>N and recommend a rate constant corresponding to

2
the EN computed via equation (5).
2

Where no data exist, we have estimated the low-pressure rate

con;tant hy taking BNZ = 0.3 at T = 300 K, a value based on those cases
where data.exist.
Temperature Depenﬁence of Low=-Pressure Limiting Rate Constants n

The value of r irecommended here comes from a calculation of <AE>N
from the data a?\300 K, and a computation of SNZ(ZOO K) assuming that

i
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(AE}“Z i§ 1ndépen&ent of temperature. This BNé(?OO K) value is combined
with the computed value of kosc(aoo X) to éive the expected value of the
actual rate constant at 206 K. This latter ia combination with the value
of 300 K yields the valus of n.

This pbocedure can direcﬁly be compared with measured values of
ko(aoo k) when those exiat. Unfortunately, very few values of 200 K are
available, There are often temperature-dependent studies, but some
ambiguity exists when one attempts to extrapolate these down to 200 K. If
data is to be extrapolated out of the measured temperature range, a choice
must be made as to the functional form of the temperature dependence.
There are two general ways of expressing the tenperature dependence of

rate constants. Either the Arrhenius expression ko(T) = A {~E/RT) or

exp
the form ko(T) = A' T°0 is employed. Since neither of these
extrapolation techniques is soundly based, and since they often yield
values that differ substantially, we have used the method explained
heretofore as the basis of our recommendations.

High-Pressure Limiting Rate Constants [k (T)]

High-pressure rate constants can often be obtained experimentally,
but those for the relatively small species of atmospheric importance
usually reach the high-pressure 1limit at ihaeceasibly high presatres.
This leaves two sources of these numbers, the first‘being guesses based

upon some model, and the second extrapolation of fall-off data up to

higher pressures. Stratospheric eonditions.generally render reactions of

interest much closer to the low-pressure limit, and thus are fairly -

1nsens£t1ve to the high-pressure vélue. This means that while the

extrapolation is long, and the value of kaﬁr) not very precise, a

21
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"reasonable guess" of k,(T) will then suffice. ‘In some cases we have
declined to guess since the low-pressure limit is alﬁays in effect over
the entire range of stratospheric conditions.
Temperature Dependence of High—fressure Limiting Rate Constants; m

. There is very little dﬁta upon which to base a recommendation for
values of m. Values in Table 2 are estimated, based on models for the
transition.staté of bond association reactions and whatever data are
avallable,
Error Estimates

For second-order rate constants in Table 1, an estimate of the
uncertainty at any given temperature may be ohtained from the following
expression:

£ = fa95 <xP(F | T~ 755 )
An upper or lower bound (corresponding approximately to one standarda
deviation) of the rate constant at any temperature T can be obtained by
multiplying or dividing the value of the rate constant at that temperature
by the factor fT. The quantities f298 ané AE/R are, respectively, the
uncertainty in the rate constant at 298K and in the Arrhenius temperature
coefficlent, as listed in Table 1.

For three-body reactions (Table 2) a somewhat analogous procedure is
used. Uncertainties expressed as increments to ko and k are given for
these rate constants at room temperature, The additional uncertainty
arising from the temperature extrapolation is expressed as an uncertainty

in the temperature coetficients g and .

22
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The rate constants are given in units of concentration expressed as
molecules per cubic .cenbimeter and time in seconds. Thus, for first-,
second~, and third-order reactions the units of k are s"‘, on3 mqleoule"
1

s”', and cm6 molecule™2 a", respectively.

23
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Table 1. Rate Constants for Second Order Reactions.

' Uhcerilinty .\.'
Reaction A-Faotor  E/R*A(E/R)  K(20HK)  Factor/2MK  Motes '
" 0, Reaotions
0+ 0, L 03 (See Tsble 2)
040340 +0; 1.5x10~1 2218%150 8.8x1071% 1.15 1 /
0('D) Reactions l
(D) + Ny0 + N, + O, 8.9x10" " ot100 x.9x10-1 1.4 2,3 "
+HNO + NO 6.7x10~11 o*100 6.7x10-11 1.4 2,3
0('D) + Hy0 + OH + OH 2.2x10710 o100 2.2x10710 1.2 2,8
o('p) + cHy ~+ OH + CHj 1.3x10~10 0100 1.4x10°10 1.2 2,5
+ Hy + CH0 1.ax10™1 0%100 1.ax10711 1.2 2,5 .
*0('C) + H, ~OH + H 1.0x10°10 02100 1.0x10~10 1.2 2
o('D) + N, +C + N, 1.8x10~11 ~(1o72100)  2.6x107"! 1.2 2 ,
o('p) + N, ¥ w0 (Ses Table 2) - 3
0('D) + 0, ~ 0 + O, 3.2x10"1! ~(67%100) x.o0x10~1 1.2 2
o('p) + 05+ 0, + 0, 1.2x1010 0100 1.2x10~10 1.3 2,6
+ 0, +0+0 1.2x10"10 0%100 1.2x1071° 1.3 2,6
0('D) + HCL + OH + C1 1.4x10"10 0100 1.4x10°10 1.3 2,7
#0('D) + CLl, + products 3.3x10710 *100 3.3x10"10 1.2 2,8
*0('D) + CFCl; » products 2.3x10"10 0%100 2.3x10°10 1.2 2,8
0('D) + CF,Cl, - products  1.4x10710 0%100 1.8x10710 1.3 2,8

8Indicates a change from the previous Panel evaluation (JPL 81-3),

fIndicates a new entry that was not in the previous ovqluation.
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ORIGINAL PAGE i3
OF POOR QUALITY
Table 1, (Continued).
. | . + Uncertainty
#0('D) + CFy + CPy + 0 1.8x10~13 0100 1.8x10-13 2.0 2,8

0('p) + €C1,0 + producta 3.6x10710 o¥100 3.6x10"10 2.0 2,9
o('p) + CFC10 =+ producta 1.9x10~10 o100 1.9x10-10 2.0 2,9
*0('D) + CF,0 + products 8.0xic~ 0*100 8.0x10~1 2.0 2,9
ooy + NHy = OH + NH, 2.5x10~10 0100 2.5x10~10 1.3 2,10

o('p) + co,+ 0 + cO, 7.8x10~1 -(17%100)  1.1x10710 1.2 2
o('D) + HF » OH + F 1.0x10~10 0100 1.0x10"10 5.0 11

HO, Reactions

H+ 0, ¥ Ho, (See Table 2)

H+03~00+0, 1.4x10"10 4702200 2.9x10”11 1.25 12
%0+ OH 0, +H 2.2xt0~) -(1172100)  3.3x107"1 1.2 13
%0 + HO, * OR + 0, 3.0x10”1 -(200%200) 5.9x10”11 1.4 1%
%0 + Hy0, * OH + HO, 1.0x10~!! 25001000 2.3x10"13 3.0 15
OH + HO, + Hy0 + O, (T+4Pgep)x10711 o250 (T+4Pg¢z)x107 1 1.6 16
OH + 03 - HO, + O, 1.6x10712 9304300 6.8x10~M" 1.3 17
*OH + OH + H,0 + 0 u.2x10712 2422242 1.9x10"12 1.4 18

or + on ¥ n,0, (See Table 2)

%0H + Hy0, * H,0 + HO, 3.1x10712 1872100 1.7x10712 1.3 19
%OH + Hy +Hy0 + H 6.1x10°12 20303800 6.7x10"15 1.2 20

®Indicates a change from the previous Panel evaluation (JPL 81-3).

#lndicates a new entry that was not in the previous evaluation.

25




1
R Y PN

.o o ;

U U S PR

T T
"ORIGINAL- PAGE {3 | ' ‘ '
OF POOR QUALITY - - .
Table 1. (Continued).
_ 4 Uncertainty ' ] \ .

HO, + HOp » Hy0p + Op  (3.842.5P,)x10™1%  —(11502600) (1.641.2P,¢,)x10712 1.5 21 1
"0, + O3 ~ OH + 20, 1.4x10" 18 5802309 2.0x10~15 1.5 22 ';

- NO, Reactions ' §
N+0,+ NO+O 8.4x10"12 32202340 8.9x10"17 .25 23
N + 05+ NO + 0, . <1.0x10713 - 24 ;'
N+HO+ Ny +0 3.4x10" 1 02100 3.4x10~ 11 1.3 25 )
N + NO, + N0 + 0 ' - - 1.4x10"12 3 26
0 + ¥o ¥ o, (See Table 2)
0 + NO, + NO + O, 9.3x10"12 0290 9.3x10~12 1.1 2 _
0+n0; Moy (See Table 2)
0 + NOg + 0, + NO, 1.0x10~1? o150 1.0x10-11 1.5 28
0 + N,0g + produots - - <3.0x10~16 - 29 !
0 + HNOg + OH + NCg - - <3.0x10~17 - 30
0 + HO,NO, ~ products 7.0x10™"" 33702750 8.6x10~16 3.0 N g
0, + NO + NO, + 0, 2.2x10°12 12302200 1.8x10"1% 1.2 32 1
O + HO, + NO, + OH 3.7x10712 ~(240280) 8.3x10-12 1.2 33
NO + NO3 + 2NO, - - 2.0x10°M 3.0 34 j
o + No M Hono (See Table 2) ' i
o + N0, M nnog  (See Table 2) - (
0H + HNOy « products 9.4x10~15 -(778%100) 1.3x10°13 1.3 35 ‘
SOH + HO,NO, -+ products 1.3x10™12 -(380:%58) y.2x10"12 1.5 36 (

f#Indicates a change from the previous Panel evaluation (JPL 81-3).

#Indicates a new entry that was not in the previois evaluation.
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Table 1. (Continued).
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Pncertaint*

Reaction A-Factar. E/REAE/R) k(298K)
HO, + NO, ¥ Ho,No, (See Table 2) -—
03 + NO, ~ NO3 + Cp 1.2x10"13 21502140 3.2x10717 1.15 37
03 + HNO, * 0, + HNO; - - <s.0x10~19 - 38
NO, + Nog M ¥,0, (See Table 2)
€10, Reactions

€L+ 03 » Cl0+ 0, 2.8x10""! 2572100 1.2x10~1 1.15 39
%l + H, +HClL + H 3.7xt0" 1! 23002200 1.6x10~1% 1.25 ¥
ClL + CH, = HC1 + CHy 9.6x10712 13502150 1.0x10™13 1.1 N
ClL + CoHg = HCl + C,Hg 7.7x10" 1! 90%90 5.7x10"1! 1.1 52
#C1 + C3Hg < NC1 + C3iy 1.5x10"10 -(502250) 1.6x10~10 1.5 3
#C1 + CH, - products - - 1x10-12 10 "
#C1 + CH;OH - CHyOH + HCL 6.3x10" 1 02250 6.3x10~"1 2.0 as
Cl + CHyCl » CHyCl « HCL 3.ux10” Y 12602200 3.9x10~12 1.2 %
*C1 + HyCO + HCl + HCO 8.2x10-11 342100 7.3x10°11 1.15 Y
Cl + Hy0, - HCl + HO, 1.x10” Y 9802500 &.1x10~13 1.5 g
#C1 + HOCl * products 3.0x10712 1302250 1.9x10~12 2.0 n9
Cl + HNO; © products <1.0x10~M 217022390 <7.0x10715 - 50
*Cl + HO, ~HCl + O, 1.8x10™"1 -(170%200) 3.2x10~M! 1.5 51
+OH + C10 a.1x10- M 4502200 9.1x10~12 2.0 52
Cl + C1,0 +Cl, + C10 9.8x10~"! 0250 g.8x10~11 1.2 53
5.9x10~ " %250 5.9x10~1? 1.25 58

Cl + 0C10 +Cl0 + C10

-'Indlcatea'n change from the previous Panel evaluation (JPL 81-3).

f#Indicates a new entry that was not in the previous evaluation.
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‘Table 1. (Continued).

' - N . Uncertainty _
®C1 + CLONO, + products 6.0x10"12 ~(1502200) 1.0x10™1 1.5 55
c1 + N0 Myocr (See Table 2)
c1 + No, M cion0 (c1v0y) (See Table 2)
®C1 + CINO + NO + Cl, 2.3x10~1! 0329 2.3x10"1 3.0 56
1+ 0, M cro0 (See Table 2)
Cl + C100 + Cl, + O, 1.4x10™10 02250 1.4x10"1? 3.0 51
+ €10 + C10 8.0x10~12. 02250 8.0x19~12 3.0 57
Cl0+ 0~ Cl+0, 7.7x10~1 130%130 5.0x10~11 1.2 58
€10 + NO = NOp + €1 6.2x10"12 -(2943100; 1.7x10°M 1.15 59
cro + o, ¥ crono, (See Table 2)
®C10 + HU, *~ HOCL + O, 4.6x10713 -(110233%)  5.0x10712 1.3 60
€10 + HyCO » products -1.0x10~12 >2060 <t.ox1e- 15 - 61
2C10 + OH - products 5.1x10"12 ~(180%200) 9.ux10-12 2 62
C10 + CHy - products -1.0x10"12 3700 <4.0x10-18 - 63
€10 + Hy . products -1.0x10712 >4800 <1.0x10"19 - 63
€10 + CO . products -1.0x10"12 >3700 ¢.0x10™18 - 63
C10 + N,0 - products -1.cx10712 24260 <6.0x10~19 - 63
Cl0 + Cl0 - products - - - - 64
CIC + O3 - Cl00 + O, 1.0x1012 55000 <1.0x10-18 - 65
- 0C10 + 0, 1.0x10™12 58000 <1.0x10~18 - 65
OH « HC1 * Hy0 + C1 2.8x10"12 825100 6.6x10™13 1.1 66

S8Indicates a change from the previous Panel evaluatfion (JPL 81-3).

#Indicates a new entry that was not in the previous evaluation.
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Table 1.  (Continued).
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OH + HOCI +~ H;0 + Cl0

OH
OH
OH
OH
OH
OH
OH
OH
OH
oy

OH

+

+

+

>

+

+*

CHyC1 + CHaCl + Hp0
CH)Cl, ~ CHCl, + Hy0
CHCl + CClg + Hy0
CHFCL, ~ CFCl, + Hy0
CHF,C1 * CF,Cl + H,0
CHyCIF + CHCLF + Hy0
CH3CCly » CHpCCly + Hy0
C201u -+ products

C2H013 + products

+ CFCI3 + products

+ CF2C12 =+ products

OH + ClCNOz + products

%0 + HCl1 =~ OH + C1

0 + HOC1 ~ OH + Cl0

0 + ClO0NO, *+ products

%0 + C1,0 ~ C10 + C10

0 + 0C10 » C10 + 02

NO + 0C10 * NO, + C10

Br + 03 * Br0 + 02

3.0x10™12 1502529 1.8x10"12
1.8x10-12 ‘1122200 4.3x10~1%
8.5x10"12 10322200 1.4x10-13
3.3x10712 10382200 1.0x10"13
8.9xiy=13 10132200 3.0x10~1¥
7.8x10-13 15302200 4.6x10"15
2.0x10-12 11382150 &.4x10=18
5.4x1012 18202200 1.2x10-1%
9.4x10"12 12002200 1.7x10~13
5.0x10~13 ~(4852200) 2.2x10-1?
-1.0x10™12 >3650 <5.0x10-18
~1.0x10"12 >3560 <6.5x10~18
1.2x10"12 3332200 3.9x10~13
1.0x10-11 33402350 1.4x10~10
1.0x10"1! 220021000 6.Cx10715
3.0x10~12 808200 2.0x10"13
2.1x10~ 1 5602200 k.x10-12
2.5x10~ ! 11662300 5.0x10"13
2.5x10"12 6004300 3.4.10~13

Brox Reactions

1.5x10°1 7552200 1.1x10-12

Uncertainty

A-Factor  E/RIME/R)  K(29SK)  Factor/208K  Notea

1.2
1.3
1.25
1.25

1.5
2.0
10

1.5
1.5
1.5
1.5

1.2

67
68
68
64
68
(1]
68
69
70
T1
T2
72.
73
74
75
76
17
T8
79

®Indicates a change from the previous Panel evaluation (JPL 81-3). -

vIndicales a new entry that was not in the previous evaluation.
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“Table 1. (Continued).

Uncertainty
Reaction A-Factor _~_ E/R¥ _
*Br + H0, + HBr + HO, -1.0x10""1 >2500 <2.0x10-15 -
*Br + H,CO » HBr + HCO 1.7x10"1 8002200 1.1x10712 1.3
®Br + HO, - HBr + O, - - >1x1013 -
BrO + 0 » Br + 0, 3.0x107"! 0¥250 3.0x10"1! 3.0
Bro + C10 ~ Br + 0C10 6.7x10~12 02250 6.7x10"12 2.0
+Br + Cl + 0, 6.7x10712 0%250 6.7x10"12 2.0

Br0 + NO ~ NO, + Br 8.7x10712 -(265%130)  2.1x107! 1.15
Bro + No, Y Browo, (See Table 2)

*BrO + Br0 - 2 Br + 0, 1.4x10712 -(150%150)  2.3x10712 .25

- Bry + 0, 6.0x10-14 -(6008600)  4.ax10"13 1.25
BrO + O3 + Br + 2 0, -1x10712 >1600 <5.0x10™13 -
BrO + HO, - HOBr + 0, - - 5.0x10"12 5.0
BrO + OH + products - - 9.0x10-12 5.0
®OH + HBr . H,0 + Br 8.0x10"12 02250 8.0x10-12 1.5
OH + CHzBr - CH,Br + H,0 6.1x10~13 825200 3.8x10"1% 1.25
O + HBr ~ OH + Br 7.6x10712 15704300 3.9x10™1% 1.5
_ FO, Reactions

Fe03- FOs0, 2.8x10""" 2262200 1.3x10" " 2.0
°F + Hy » HF + H 1.9x10°10 570%250 - 2.8x10”" 1.3
F + CHy » HF + CH; 3.0x10710 14004300 8.0x10™11. 2.0

31
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85

85

871

88
89

9
92
93

'Indiqatps a change from the previous Panel evaluation (JPL 81-3).

#Indicates a new entry that was not in the previous evaluation.
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Table 1. (Continued).
Uncertainty

Reaction A-Factor E/R®
F + HyO ~ HF + O 2.2x10™11 2602200 1.1x10~1? 5.0 97
F+0, ¥ Fo, (See Table 2)

F + N0 ¥ Fro (See Table 2)
F + N0, Y ryo,(FoNO) (See Tablé 2)

N0 + FO + NO, + F 2.6x10° " 0%250 2.6x10""! 2.0 98
FO+ FO~ 2F +0, 1.5x10~1! 04250 1.5x10~11 3.0 99
FO + 03~ F +20, - - - - 100

* FO, + 0, - - - - 100
Fo + No, ¥ Fono, (See Table 2) ‘
0+F0 +F +0, 5.0x10"1? 0$250 5.0x10" ! 3.0 101
0 + FO, + FO + 0, 5.ox10”1! 02250 5.0x10-1! 5.0 102
Hydrocarbon Reactions
OH + CO +CO, + H 1.35x10713(14Py 1) 02200 1.35x10713(14Ry ) 1.25 103
OH + CHy + CHy + Hy0 2.4x10712 17102200 7.7x10713 1.2 104

#0H + CoHg + Hy0 + CyHs 1.9x10™ 1! 12602250 2.7x10"13 1.25 105
#0H + C3Hg » Hy0 + C3hy 1.6x10"1! 800250 1.1x10712 1.5 106
#OH + CyH, + products 2.1x10712 -(4062150) 8.0x10™12 1.7 107
#0H + CoH, + products 6.5x10~12 6502100 7.3x10"13 2 108
OH + HyCO - Hy0 + HCO 1.0x10"1! 0%200 t.ox10™"! 1.25 109
“OH + CH300H + producta 2.6x10712 1902100 1.4x10712 5.0 110

#0 + C,H, - prodicts 2.9x1071 16002300 1.4x10°13 1.3 m

®Indicates a change from the previous Panel evaluation (JPL 81-3).

#Indicates a new entry that was not in the previous evaluation.
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ORIGINAL PAGE IS
OF POOR QUALITY

Table 1. (Continued)

Reaction

L] +'CH3 + products

CHy « 0, ¥ CH30,

"OH + SO, # HOSO,
%0 + H,S . OH + SH

0 + 0CS

A-Factor E/REA(E/R) k(2
0 + H,CO ~ products 3.0x10°11 15504250 1.6x10~13
1.4x10"10 02250 1.4x10"10
CHy + 0, ~ products - - <1x10™10
(See Table 2)
#CH,0H + 0, = CH,0 ~ KO, - - 2x10"12
CH30 + 0 + CHyO + HOp 1.2x10°13 13502500 1.3x10°15
®HCO + 0, + CO + HO, 3.5x10712 -(o2140)  5.5x10712
#CH3 + 03 - products - - 7.0x10"13
'CH302 + 03 -+ products - - <ix10™17
*CH30, + CH30, ~ products 1.6x10"13 -(2202220)  3.4x10713
SCH30, + NG » CH30 + NO, 8.2x10"12 -(180%180)  7.6x10712
CH30, + N0, M chioN0, (See Tadble 2)
CH30, + HO, -+ CH300H + 0 7.7x10" 1% -{1300%3900)  6.0x10712
S0, Reactions
®OH + HyS = SH + H,0 s.90110712  65%5 5.7x10712
®0H + OCS + products 1.3x10"12 23002500 6.0x10-16
OH « CS, » products - - <1.5x10~15
(See Table 2)
1.0x10™11 18102550 2.2x10~1"
- €O + SO 2.1x10°M 2200150 1.3x10~1%
3.2x10"! 6502150

0+ CS, » CS + 50

3.6x10-12

Uncertainty

10
10

1.3

1.25

1.2

3.0

1.2
10

1.2

1.2

12

113
1N

17
118
119
120
121

122

123
125

125

126
127
128

®Indicates a change from the previous Panel evaluation (JPL 81-3)._

#indicates a new entry that was not in the previous evaluation,
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ORIGINAL PAGE IS
OF POOR QUALITY

".l‘ablo 1. (Continued)

Uncertainty

Reaction - A=Factor. E/R(E/R)  K(298K) _ FRactor/298K  Notes
0+ SH~+Ha+ SO - - 1.6x10~10 5.0 129
#5+0,+ S0+ 0 2.3x10712 0200 2.3x10712 1.2 130
#5405+ S0+ 0, - - 1.2x10°1 2.0 131
#5 + OH +» SO + R - - 6.6x10-1! 3.0 132
#50 + 0, + S0, + 0 - - 9.0x10~18 10 133
#S0 + 05 + S0, + O, 3.2x10712 11002400 7.9x10~1% 1.5 138
#50 + OH + SO, + H - - 8.6x10~1! 2.0 135
#50 + NO, + S0, + NO - - 1.axio™ ! 1.5 136
#50 + C10 + SO, + C1 - - 2.3x10"1 3.0 137
#50 + OCLO » SO, + C10 - - 1.9x10™12 3.0 137
#50 + BrO ~ SO, + Br - - >4.0x10™ 11 - 137
#50, + HO, + products - - <1.0x10-18 - 138

CH;0, + SO, + products - - <5.0x10~17 - 139
#SH + 0, + OH + SO - - <3.2x10~13 - 140

®Indicates a change from the previous Panel eval ation (JPL B81-3).

#Indicates a new entry that was not in the previous evaluntion..
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NOTES IO IABLE 1

1. This recommendation is based on the measurements of McCrumb and

2.

Kaufpan (1972) and Davis et al. (1973).

These recomitendations are based on averages of the absolute rate
constant measurements reported by Streit et al. (1976), Davidson

et al. (1977) and Davidson &k al. (1978) for N,0, H,0, CHy, H,,

Na» 0Op Oy, HCL, CCly, CFClg, CF,Cl,, NH3, and CO,; by Amimoto

et al. (1978), Amimoto et al. (1979), and Force and Wiesenfeld
(1981a,b) for N,0, H,0, CHy, N, Hp 0, 03, CO,, CCly, CFCly,
CF,Cl,, and CFy; by Wine and Ravishankara (1981) and (1982) for

Ny0, Hy0, Ny, Hy, 03, CO,, and CF,0; by Brock and Watson (1980)

for Ny, 0, and CO,; by Lee and Slanger (1978 and 1979) fcr Hy0 and
0,; and by Gericke and Comes (1981) for H,0. The weight of the
evidence from these studies indicates that the results of Heidner
and Husain (1973), Heldner gf al. (1973) and Fletcher and Husain
(1976a, 1976b) contain a systematic error. For the critical
atmcspheric reactants, such as NZO, HZO, ar.l CHu, the recommended
absolute rate constants are in good agreement with the previocus
relative meansurements when compared with NE as the reference
reactant. A similar comparison with 02 as the reference reactant

gives somewhat poorer agreement.

The branching ratio for the reaction of 0(1D) with N0 to give

N2 + 02 or NO + NO i1is an average of the values reported by

DPavidson et al. (1979); Volltrauer et al. (1979); Mu.-x et al.

(1979) and Lam et al. (1981). This result, ®(N,) = 1..42, agrees

we;l with earlier measurements of the N2 quantum yield from N20
photolysis: Q(Nz) = 1.44 (Calvert and Pitts 1966). 0(1D) translational

energy and temperature dependence effects are not clearly resolved.

Measurements by Zellner et al. (1980) indicate 1(+0.5 or =1)% of the

- o(p) + H 0 reaction products are Hy + 0,.
. |
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5.

8,

The branching ratio for reaction of 0('D) with CH, to give OH +
CHy or CH;0 + H, is from Lin and DeMore (1973). A molecular beam
study by Casavecchia et al. (1950) indicates that an additional
path forming CH30 (or CH,OH) + H may be important. This
possibility requires further 1pvestigationa

The branching ratio for reaction of 0(1D) with 03 to give 0, + 02
or 02 + 0 + 0 is from Davenport ef al. (1972). This is supported
by measurements of Amimoto gt al. (1978) who reported that on
average one ground state O is produced per 0(1D) reaction with
03. It seems unlikely that this could result from 100% quenching
of the o('D) by 05.

The reaction 0(1D) + HCl may give a small amount of H + Cl0
products (Davidson et al., 1977).

The haiocarbon rate constants uire for total disappearanc: of 0(1D)
and probably include physical quenching. Products of the reactive
channels may inzlude: CX30 + X, CX,0 + X5, and CX3 + X0, where

X =H, F, or C1 in various combinations. Chlorine and hydrogen
are more easlily displaced than fluorine from halocarbons as
indicated by approximately 100% quenching for CFu. A useful formula
for estimating 0(1D) removal rates by methane and ethane type
halocarbons was given by Davidson ef al. (1978): k(CnHanCIC) =
0.32a + 0.030b + 0.T4c (in units 10~'0 cm3 molecule~'s~'). mnis
expression does not work for molecules with extensive fluorine
substitution. Some values have been reported for the fractions of
the total rate of disappearance of 0(1D) proceeding through
quenching and reactive channels. For CCly: quenching = (14%6)% and

reaction = (86%6)%, (Force and Wiesenfeld, 1981); for CFCls- quenching
= (13%U4)% and reaction = (87¥L4)% (Force and Wiesenfeld, 1981), quenching

(25%10)%, Cl0 formation = (60¥15)% (Donovan, 1980); for CF,Cl,:
quenghing = (1427)Y and reaction = (86%14)% (Force and
Wiesenfeld, 1981), quenching = (20%10)%, C10 formation = (55%15)%

35

CIRXITN



9.

10.

1.

12.

(Donovan, 1980); for CF,: quenching = 100% (Force and Wiesenfeld, 1981).

For the reactiors of 0('D) with CC1,0 and CFC10 the recommended
rate constants are derived from data of Fletcher and Husain (1978).

For consisténcy, the recommended values for these rate constants

_were derived using a scaling factor (0.5) which corrects for the

difference between rate constants from the Husain Laboratory and

- the recommendations for other 0(1D) rate constants in this table.

The recommendation for CF,0 1s from data of Wine and Ravishankara
(1982). Their result is preferred over the value of Fletcher and
Husain (1978) because it appears to follow the pattern of decreased
reactivity with increased fluorine substitution observed for other
halocarbons, These reactions have been studied only at 298 K.

Based on consideration of similar 0(1D) reactions, it is assumed
that E/R equals zero, and therefore the value shown for the A-factor
has been set equal to k(298 K). '

Sanders gt al. {(1980) have detected the product NH(a'A) in
addition to OH formed in the reaction 0(1D) + NH3. They report the
vield of NH(al3) is in the range 3-15% of the amount of OH
detected.

No experimental data are known for 0(1D) + HF. k is estimated to
be large and not strongly temperature dependent, based on comparison
with other 0(1D) reactions. The products OH + F are exothermic

but quenching may also occur.

The recommendation is an average of the recent results of Lee et al.
(1978b) and Keyser (19793), which are in excellent agreement over
the 200-400 K range. An earlier study by Clyne and Monkhouse (1977)
is in’'very good agreement on the T dependence in the range 300-650 K
but lies about 60% below the recommended values. Although we have
no reason not to believe the Clyne and Monkhouse values, we prefer

the two studies that are in excellern. agreement, eapecially since
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13,

14.

15.

they were carried out over the T range of intereat. Recent results
by Finlayson-Pitts and Kleindienst (1979) agree well with the
present recommendations. Reports of a channel forming H02 + 0
(Finlayson-Pitts and Kleindienst, 1979: ~25%, and Force and
Wiesenfeld, 1981b: -40%) have been contradicted by other studies
(Howard and Finlayson-Pitts, 1980: < 3%; Washida at al., 1980a:

< 6%; and Finlayson-Pitts at al., 1981: < 2%). Secondary chemistry
is believed to be responsible for the observed O atoms in this

~ system. Washida et al. (1980c) measured a low limit (< 0.1%) for

the production of singlet molecular oxygen in the reaction H + 03.

The rate constant for 0 + OH is a fit to three temperature dependence
studies: Westenberg et al. (1970a), Lewis and Watson (1980), and
Howard and Smith (1981). This recommendation is consistent with earlier

work near room temperature as reviewed by Lewis and Watson (1980).

The recommendation for the 0 + HO, reaction rate constant is the
average of two studies at room temperature (Keyser, 1982, and Sridharan
and Kaufman, 1982) fitted to the temperature dependence given by

Keyser (1982). Earlier studies by Hack 2t 3'.. (1979) and Burrows

et al. (1977, 1979) are not considered, because the OH + H,0, reaction
waa important in these studies and the value used for its rate constant
in their analyses has been shown to be in error. Data from Lii at

al. (1980¢) is not considered, because it is based on only four
experiments and involves a curve fitting procedure that appénrs to

be insensitive to the desired rate constant.

Only one study of the O + H2°2 reaction has been published

(Davis gt al., 1974%¢c). The recommendation is based on their data,
but the A factor has been increased (x3.6) because the exparimental
value i3 low in comparison to similar atom~molecule reactions., The
temperature coefficient has been adjusted to fit their rate constant
at 298K.
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17.

'16. The recoumendation for the OH + HO, rate constant has been

changed. Three ney measurements at low pressure (1-3 torr) in
discharge-flow systems all give values near 7 X 10=11 on3
molecule~! s~1; Keyser (1981), Sridharan et al. (1981},

and Temps and Wagner (1982). The latter twc studies aupersede'
earlier work which reported lower values from the same
laboratories, Chang and Kaufmwan (1978) and Hack g% al. (1978).
Separate studies at pressures ncar one atmosphere obtain
consistently a larger rate constant, about 1.1 x 10'10: Lis

at al. (1980a), Hochanadel gt al. (1580), DeMore (1982), and

Cox et al. (1981). DeMore (1982) . eports rate constants that
increase from about 7 x 10711 at 75 torr to about 1.2 x 10~10 at
730 torr. The preseant recommendation is for a rate conatant that
increases linearly with pressure from 7 x 10‘1’ at low pressure

to 1.1 x 10f1° at ore atmosphere. Other studies by Burrows et al. (1931)
Kurylo et al. (1981), and Thrush and Wilkinson (1981) agree with
these values. Although this recommendation incorporates the most
reliable and thorough studies, it has not been reconciled in terms of
the current models of reaction rate theory. The observed pressure
dependence implies the formation of an H203 intermediate.

Further direct studies of the temperature and pressure dependences
and products of this reaction are required. .

The recommendation for the CH + O3 rate constant is based on

the room temperature measurements of Kurylo (1973) and Zahniser
and Howard (1980) and the temperature dependence studies of
Anderson and Kaufman (1973) and Ravishankara et al. (1979b).

" Kurylo's value was adjusted (-8%) to correct for an error in the

ozone concentration measurement (Hampson and Garvin, 1977). The

Anderson and Kaufman rate constants were normalized to k = 6.3 x

) ‘IO"“l cm3 molecule~! s~! at 295K as suggested by Chang and Kaufman
- (19738). o
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18‘

19.

20.

21,

The recommendation for tha OH + OH reaction is the average of six
measurements near 298K: Westenberg and de Haas (1973a), McKenzie
at al. (1973), Clyne and Down (1974), Trainor and von Rosenberg
{1974), Farquharson and Smith (1980) and Wagner and Zellner (1981).
The rate constants for these studies all fall between (1.4 and 2.3)
x 10~12 ¢on3 molecu].e"1 a". ‘The temperature deﬁendence is from
Wagner and Zellner, who reported rate constants for the range T =
250-~580K.

There are extensive new data on the OH + H,0, reaction. The
recommendation is a fit to the temperature dependence studies of
Keyser (1980b), Sridharan gt al. (1980), Wine at al. (1981) and
Kurylo gt al. (1982). The first two references contain a
discussion of some possible reasons for the discrepancies with
earlier work and an assessment of the impact of the new value on
other kinetic studies.

The OH + H2 reaction has been the subject of numerous studies

(see Ravishankara et al. (1981) for a review f experimental and
theoretical work). The recommendation is fixed to the average of
nine studies at 298K: Greiner (1969), Stuhl and Niki (1972),
Westenberg and de Haas (1973b), Smith and Zellner {1974), Atkinson
et al. (1975), Overend gt al.(1975), Tully and Ravishankara
(1980), Zellner and Steinert (1981), and Ravisl,ankara et al.
(198i). The E/R is an average of five temperature dependence
studies: Greiner (1969), Westenberg and de Haas (1973c), Smith and
Zellner (1974}, Atkinson et al. (1975), and Ravishankara gt al.
(1981).

The kinetics of the HO2 + HO2 reaction are very complex And a
comprehensive picture of the reaction mechanism from either an
experimental or a theoretical point of view has not developed. The
reaction rate constant has been shown to have unusual pressure,

temperature and water vapor dependences. There is general
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agreement betﬁeen investigators on the following aspeots of the
reaction at high pressures (P -1 atm): (a) the HO, uv.absorption
cross section: Paukert and Johnston (1972), Cox and Burrows (1979),
Hochanadel gt al. (1980), and Sander et al. (1982); (b) the rate
constant at 300K: Paukert and Johnston (1972), Hamilton (1975),
Hamilton and Lii (1977), Cox and Burrows (1979), Lii et al. (1979),
Tsuchiya and Nakamura (1979), Sander gt al. (1982), and Simonaitis
and Heicklen (1982) (all values fall in the range (2.5 to U4.7T) x
1012 o3 molecule™! s"); (c) the rate constant temperature
dependence: Cox and Burrows (1979), and Lii et al. (1979); (d) the
rate constant water vapor dependence: Hamilton (1975), Hochanadel
et al. (1972), Hamilton and Lii (1977), Cox and Burrows (1979),
DeMore (1979), Lii et al. (1981), and Sander gt al. (1982); and

(e) the formation of Hy0, + O, a8 the major products at 300K: Su gt
al. (1979), Niki et al. (1980), Sander & al. (1982), and
Simonaitis and Hiecklen (1982); and (f) the H/D isotope effect:
Hamilton and Lii (1977) and Sander et al. (1982). At low pressures
there are fewer results and leass ag#eement between investigators.
Thrush and Wilkinson (1979) report low rate constants at pressures
between 2 and 4 torr that extrapolate to k ~ 0 at P = 0, Cox and
Burrows (1979), and Lii et al. (1980b) observe no pressure
dependence of the reaction between 25 and 760 torr and 400 and 1500
torr, r2spectively, while Sander ef gl. (1932) and Simonaitis and
Heicklen (1982) see pressure dependence over a brovader range and
suggest k - 1.6 x 10712 cm3 molecule™! 3‘1, when extrapolated to

P = 0. The present recommendation is derived from the 298K data
for the pressure dependence in N, given by Sander gt al. (1982)

and Simonaitis and Heicklen (1982) and the temperature dependence
given by Cox and Burrows (1979) and Lii et al. (1979). For systems
containing water vapor, the factors given by Lii gf al. (1981) and
Sander et al. (1982) can bz incorporated. Our recommendation must
be used with caution because of major uncertainties in the behavior
at low pressure and at low temperature and the products at low

temperature.
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22.

23.

2y,

25.

26.

" 27.

There is only one direct study of the ﬁoa + b3 reaction (Zahniser
and Howard, 1980). This is the basis of the recommendation. Three
indirect studies, all using H02 + noa as the reference reaction,
are ’n good agreement when thé negative temperature dependcnce of
the reference reaction is considered (Simonaitis and Heicklen,
1973; DeMore and Tschuikow-Roux, 1974; and DeMore 1979). Another
direct study would be valuable. The A factor is unusually low.

Activation energy based on Becker et al. (1969). Value and
uncertainty at 298K assigned from average of Clyne and Thrush
(1961), Wilson (1967), Becker et al. (1969), Clark and Wayne (1370)
and Westenberg et al. (1970b). Independent confirmation of the

temperature dependence is needed.

Recommendation based on results of Stief et al. (1979). Note that
this is an upper limit based on instrumental sensitivity. Results of
Stief ¢t al. and Garvin and Broida (1963) cast 4oudbt on the fast -
rate reported by Phillips and Schiff (1962).

Recommendation is based on the results of Lee et al. (1978c). A
recent study by Husain and Slater (1980) reports a room temperature

rate constant 30 percent higher than the recoammended value.

Accepts the 298K results of Clyne and McDermid (1975) for both the
value of the rate constant and the identity of the products. A recent
study (Husain and Slater, 1980) reports a room temperature rite
constant value of 3.8 x 10=11 cm3 molecule™] s™' for the overall
reaction of N with Noe. This high value may indicate the presence
of catalytic cycles as discussed in Clyne and McDermid (1975).

Clearly, temperature dependent studies are needed.
Based -on results of Davis et al. (1973), Bemand et al. (197%) and'

Slanger et al. (1973), there may be a slight negative temperature

coefficient, but the evidence at low temperaiure is uncertain.
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28. Based on study of Graham and Johnston (1978) and 298K and 329K.
While limited in temperature range, the data indicate no
;emperature dependence. Furthermore, by analogy with the reaction
of 0 with N02, it is assumed that this rate constant is in fact
independant of temperature. Clearly, temperature depgndent_studies

* are needed.
29. Based on Kaiser and Japar (1978).
30. Accepts the upper limit reported by Chapman and Wayne (1974).

31. Changed from JPL 81-3. Recommended value is based on the study of
Chang et al. (1981)., The previous recommendation was based upon
the unpublished results of the same group. The large uncertainties
in E/R and k at 298K are due to the fact that this is a single study.

32. Changed from JPL 81-3, The recommended Arrhenius expression is a
least squares fit to the data reported by Birks et al. (1976),
Lippmann et al. (1980), Ray and Watson (1981), and Michael et al.
(1981) at and below room temperature, with the data at closely
spaced temperatures reported in Lippmann gf al. being grouped
together so that these four studies are weighted equally. This
expression fits all the data within the temperature range 195-304K
reported in these four studies to within 20 percent. Only the data
between 195 and 304K were used to derive the recommended Arrhenius
expression due to the observed non-linear Arrhenius behavior (Clyne
et al. (1964), Clough and Thrush (1967), Birks et al., and Michael
et al.). Clough and Thrush, Birks et al., Scnurath et al. (1981),
and Michael et 3al. have all reported individual Arrhenius
parameters for each of the two primary reaction channels. The
range of values for k at stratospheric temperatures is somewhat
larger than would be expected for such an easy reaction to study.
The measurements of Stedman and Niki (1973) and Bemand gt al (1974)



33.

3“.

35.

of k at 298K are in excellent agreement with the recommended value
of k at 298K.

The recommendation for H02 + NO 1s based on the average of six
measuraments of the rate constant near room temperature: Howard and
Evenson (1977), Leu (1979), Howard (1979), Glaschick-Schimpf et al. (1979),
Hack et al. (1980), and Thrush and Wilkinson (1981). All of these

are in quite good agreement. An earlier study from the Thrush

Laboratory, Burrows et al. (1979), has been dropped because of an

error in the reference rate constant, k(OH + HZOZ)‘ The

temperature dependence is from Howard (1980) and is in reasonable
agreement with that given by Leu (1979). A high pressure study is

needed in view of the many unusual effects seen in other H02

reactions.
Value reported by Graham and Johnston (1978).

Changed from JPL 81-3. Even though there have been several recent
studies of this reaction, all of the reported data are not
consistent. However, the data which are relevant for stratospheric
conditions of temperature and pressure are in reasonable agreement.
The recommended Arrhenius expression is based on a least squares
fit to the data reported by Wine gt al. (1981b), Kurylo et al.
(1982), Margitan and Watson (1982), Marinelli and Johnston (1982),°
Ravishankara gt al. (1682), and Jourdain et al. (1982) at and

bglow room temperature, i.e. ~300K, but did not utilize the data

of Smith and Zellner (1975), Margitan gt al. (1975), Nelson gt al.
(1981) and Connell and Howard (1982). While the data of Margitan
and Watson appear to be in good agreement with data reported in the
other recent flzsh photolysis studies (Wine et al., Kurylo et al.,
Ravishankara et al. and Marinelli and Johnston) it exhibits one
rather significant difference, i.e., a small but measurable pressure
dependence which is greatest at low temperatures (a faetof of 1.1

increase in k from 20-100 torr He at 298 K, and & factor of 1.4
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increase in k from 20-100 torr He at ~-235K). Consequently it is
difficult to reconcile the data of Margitén and ﬁatson with that of
the other flash photolysis studies where no pressure dependence -
-wWwas observed. Although the.low pressure.discharge flow results of
Jourdain et al. are in excellent agreement with.tne results from

the higher pressure studies (at least below 300K), this agreement
does not preclude a préssure dependence as the magnitude of the
effect at temperatures = 250 K is small in the range 1-40 torr

(1 torr i3 a typical discharge flow tube pressure, and 40 torr is

the typical flash photolysis pressure). The data of Margitan and Watson
at 40 torr (He and Ar) at each temperature were used in deriving the
recommended Arrhenius expression (data relevant to the mid-
stratosphere and typical of the pressure conditions used in other
flash photolysis studies). Under these conditions the data are in
excellent agreement with *he data frorn the other preferred studies.

It should be noted that the 40 torr data is the average of all the
data; consequently, the preferred value is not dependent upon_which
subset of Margitan and Watson data is used. The recent work of Nelson
et al. should be disregarded as it has been superseded by the

more careful and comprehensive Marinelli and Johnston study. However,
it is not presently possible to explain the difference between the data
from the preferred studies and that from the discharge flow study of
Connell and Howard, who determined a value for k at 301K of 8.4 x 10-14
em3 molecule s™! (consistent with the earlier values of Smith

and Zellner, and Margitan gt al.), in contrast to the recommended

valﬁe of 12.5 x 10~ cm3 molecule™! s=1. 1In addition

Connell and Howard reported a value for E/R of =-430K, in contrast to the
recommended value of =-778K and the earlier values of zero.

The recommended Arrhenius expression was dérived using only data

frém ~220-300K due to the non-linear Arrhenius behavior noted above
300K in all the recent stuqiea except Jourdain gt al., who reported
Iinear Arrhenius behavior from 251-403K. ‘Marinelli and Johnston

fit all their data (218-363K) to an Arrhenius expression, but curva-
ture is noticeable and hence their value of -6L4K for E/R would be
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36.

37.

38.

greater over the temperature range 218-298K. This non-linear
Arrhenius behav’or can easily be rationalized in terms of an
addition channel (dominating at low temperatures), and an H atom
abstraction channel (dominating at high temperatures).

Nelson et al., Jourdain gt al., and Ravishankara et al. (1982) have

" all shown that within experimental evidence the yield of N03 per HO

removed is unity at 298 K. In addition Ravishankara et al.
obtained similar product distribution results at 250 K. There i3 no
evidence for the production of Haoa.

Changed from JPL 81-3. Recommendation based upon the data of
Trevor et a). (1981), Barnes gt al. (1581) and Molina et al.
(1982). Trevor et al., studied this reaction over the temperature
range 246-324 K and reported a temperature invariant value of 4.2 x

1 '1, although a weighted least squares fit to

10~12 cm3 molecuie™! s
their data yields an Arrhenius expression with an E/R value of
(1937193) K. In contrast Molina et al., studied the reaction

over the temperature range 242-295 K and observed a negative
temperature dependencé with an E/R value of -(650%50)K. An
unweighted least squares fit to all the experimental data of
Trevor et al., Barnes gt al., and Molina et al. yields the
recommended value. The large difference in E/R values may be due to
the reaction being complex and having different E/R vaues at low
pressure, i.e., <1 torr (Trevor et al.) and high pressures (750

torr (Molina et al.)). The less precise value reported by

Littlejohn and Johnston (1980) is in fair agreement with the recommended

value. The error limits on the recommended E/R are sufficient to
enconpass the results of both Trevor et al. and Molina gt al.

Based on leaat squares fit to data in studies of Davis et al.
(1974b), Graham and Johnston (1974) and Huie and Herron (1974).

Based on Kaiser and Japar (1977) and Streit et al. (1979).
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39. Unchanged from JPL 81-3. The results reported for k(298K) by
Watson et al: (1976), Zahniser et al. (1976), Kurylo and Braun
(1976) and Clyne and Nip (1976a) are in good agreement, and have
been used to detérmine ﬁhe preferred value at this temperaturo.

The values reported by Leu and DeMore (1976) (due to the wide error
limits) and Clyne and Watson (1974a) (the value is inexplicably
high) are not considered. The four Arrhenius expressions are in

fair agreement within the temperature range 205-300K. In this

- R

temperature range, the rate constants at any particular temperature
agree to within 30-40%. Although the values of the activation : &
energy obtained by Watson gt al. and Kurylo and Braun are in
excellent agreement, the value of k in the study of Kurylo and
Braun is consistently (~17%) lower than that of Watson gt al.

This may suggest a systematic underestimate of the rate constant,

as the values from the other three studies agree so well at 298K, A
more disturbing difference is the scatter in the values reported
for the activation energy (338-831 cal mole~1). However, there

e Y

is no reason to prefer any one set of data to any other; therefore,
the preferred Arrhenius expressior shown above was obtained by
computing the mean of the four results between 205 and 298K.
Inclusion of higher temperature (<Lk66K) experimental data would
yield the following Arrhenius expression: k = (3.4%1.0) x 10-11
exp(-310276)/T).

B S v A

Vanderzanden and Birks (1982) have interpreted their observation

of oxygen atoms in this system as evidence for some production

(0.1-0.5%) of 0y ('=}) in this reacticn. The possible

production of singlet molecular oxygen in this reaction has also been

discussed by DeMore (1981), in connection with the Cl, photo- :

sensitized decomposition of ozone.
40. Minor change from JPL 81-3. This Arrherius exrression is based on

the data below 300K reported by Watson el al. (1975), Lee et al.
(1977) and Miller and Gordon (1681). The results of these three
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studies are in excellent agreement below 300K; the data at higher
temperatures are in somewhat poorer agreement. The results of
Watson ef al. and those of Miller and Gordon agree well (after
extrapolation) with the resu;té of Benson gﬁ al. (1969) and Steiner
and Rideal (1939) at higher temperatures. For a discussion of the
large body of. rate data at high temperatures see the review by
Baulch ot al. (1980). Miller and Gordon also measured the rate of
the reverse reaction, and the ratio was found to be in good

agreement with equilibrium constant data.

Unchanged from JPL 81-3. The values reported from the thirteen

absolute rate coefficient studies for k at 298K fall in the range (0.99 to

1.48) x 10"‘3, with a mean value of 1.15 x 10-13, However, based
upon the stated confidence 1limits reported in each study, the range
of values far exceeds that to be expected. A preferred average
value of 1.04 x 10”13 can be determined from the absolute rate
coefficient studies for k at 298K by giving equal weighting to the
values reported in Lin et al. (1978a), Watson gt al. (1976),

Manning and Kurylo (1977), Whytock et al. (1977), Zahniser et al.
(1978), Michael and Lee (1977), Keyser (1978), and Ravishankara and
Wine (1980). The values derived for k at 298K from the competitive
chlorination studies of Pritchard et al. (1954), Knox (1955),
Pritchard et al. (1955), Knox and Nelson (1959), and Lin ef al.
(1978a) range from (0.95 - 1.13) x 10'13, with an average value of
1.02 x 10-'3. The preferred value of 1.04 x 10~13 was obtained by
takfng a mean value from the most reliable absolute and reiative

rate coefficient studies.

There have been nine absolute studies of ;he'tegperature dependence
of k. In general the agreement between most of these studies can
be considered to be quite good. However, for a meaningful analysis
of the reported studies it is best to discuss them in terms of tﬁo
distinct temperature regions, (a) below 300 K, and (b) above 300 K.

Three resonance fluorescence studies have béen performed over the
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temperature range -200-500 K (Whytock et al. (1977), Zahniser

et al. (1978) and Keyser (1978)) and in each case a strong non~
.linear Arrhenius behavior was observed. Ravishankara and Wine
(198b) also noted nonlinear Arrhenius behavior over a more limited
temperature range. This behavior tends to explain partially the
large variance in the values of E/R reported between those other
investigators who predominantly studied this reaction below 300 X
(Watson et al. (1976) and Manning and Kurylo (1977)) and those

who only studied it above 300 K (Clyne and Walker (1973), Poulet gt
al. (1974), and Lin gt a). (1978a)). The agreement between all
studies below 300 K i3 good, with values of (a) E/R ranging fronm
1229-1320 K, and (b) k{230 K) ranging from (2.64-3.32) x 10~1%., The
mean of the two discharge flow values (Zahniser ef al. (1978) and
Keyser (1978)) is 2.67 x 10~¥, while the mean of the four flash
photolysis values (Watson et al. (1976), Manning and Kurylo (1977),
Whytock gt al. (1977), and Ravishankara and Wine (1980) is 3.22 x
10'1u at 230 XK. There have not been any absolute studies at stra-
tospheric temperatures other than those which utilized the resonance
fluorescence technique. Ravishankara and Wine (1980) have suggested
that the results obtained using the discharge flow and competitive
chlorination techniques may be in error at the lowzsr temperatures
(<240 K) due to a non-equilibration of the 291/2 and 2P3/2

states of atomic chlorine. Ravishankara and Wine observed that at
temperatures below 240 K the apparent bimolecular rate constant was
dependent upon the chemical composition of the reaction mixture;
i.e., if the mixture did not contain an efficient spin equilibrator,
e.g. Ar or CCly, tre bimolecular rate constant decreased at high

CHu concentrations. The chemical composition in each of the

flash photolysis studies contained an'efricient spin equilibrator,
‘whereas this was not the case in the discharge flow studies.
However, the reactor walls in the discharge flow studies

could have been expected to have acted as an efficient spin equili-
brator. Consequently, until the hypothesis of Ravishankara and Wine
is proven it is assumed that the discharge flow and compatitive

-
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chlorination results are reliable. Abcve 300 X the three resonance
fluorescence studies reported (a) "averaged"” values of E/R ranging
from 1530~1623 K, and (b) values for k (500 K) ranging from (7.74-
8.76) x 10°13,  These mass spectrometric studies have been per-
formed above 300 K with E/R values ranging from 1409-1790 K. The
data of Poulet et al. (1974) are sparse and scattered, that of
Clyne'and Walker (1973) show too strong a temperature dependence
(compared to all other absolute and competitive studies) and

x(298 K) is .20% higher than the preferred value at 298 K, while
that of Lin gt al. (1978a) is in fair agreement with the resonance
fluorescence results. In conclusiocon, it should be stated that the
best values of k from the absolute studies, both above and below

300 K, are obtainad from the resonance fluorescence studies. The
competitive chlorination results differ from those obtained from the
absolute studies in that linear Arrhenius behavior is observed.

This difference 1s the major discrepancy between the two types of
experiments. The values of E/R range from 1503 to 1530 K, and

k (230 K) from (2.11-2.54) x 10~'% with a mean value of 2.27 x 10~ 1%,
It can be seen from the above dliscussion that the average values at
230 K are: 3.19 x 10~ '% (flash photolysis), 2.67 x 10~'¥ (discharge
flow) and 2.27 x 10“1u (competitive chlorination). These
differences increcse at lower temperatures. Until the hypothesis of
Ravishankara and Wine (1980) is re-examined, the preferred Arrhenius
expression attempts to best fit the results obtained between 200 and
300 K from all sources. The averzze value of k at 298 K is 1.04 x
10~13, and at 230 X 1s 2.71 x 10~ (this is a simple mean of

the three average values). The preferred Arrhenius expression is
9.6 x 10-12 exp(-1350/T). This expression yields values

similar to those obtained in the discharge flow-resonance

fluorescence studies. If only flash photolysis-resonance

fluorescence results are used then an alternate expression of 6.4 x 10'12 (exp

(=1220/T) can be obtained (k(298 K) = 1.07 x 10~13, and k(230 K) =
3.19 x 10=1%), '

49

.T* - .'- v»_-,-ncar‘.\v

RN PROTRRNR S

R



42.

43.

A rocent study (Heneghan gt al. (1981)) using very low pressure
reactor techniques reports rasults from 233 to 338K in excellent.
agreement with the other recent measurements. They account for
the curvature in the Arrhenius plot at higher temperatures by

transition state theory. Measured equilibrium constants

"are used to dorive a value of the heat of formation of the wethyl
‘radical at 298K of 35.130.1 koal/mol.

Unchanged from JPL 81-3. The absolute rate coefficients regorted in
all four studies (Davis gt al. (1970), Manning and Kurylo (1977),
Lewis at al. (1980), and Ray gt al. (1980) are in good agreement

at 298 K. The value reported by Davis gt al. was probably
overestimated by ~10% (the authors assumed that If was proportional
to [C1]°'9, whereas a linear relationship between I and [Cl])
probably held under their expsrimental oconditions). The preferre-
value at 298 K was taken to be a simple mean of the four values (the
value reported by Davis @t al. was reduced by 10%), {.e., 5.7 x 10-11,
The two values reported for E/R are in good agreement; E/R z 61 K
(Manning and Kurylo) and E/R = 130 K (Lewis gt al.). A simple

least squares fit to all the data would unfairly weight the data of
Lewis ¢t gl. due to the larger temperature range covered. Therefore,
the preferred value of 7.7 x 10~ exp(~G0/T) i3 an expression which
best fits the data of Lewis gt al. and Manning and Kurylo between
200 and 350 K.

New entry. This recommendation is based on results over the temperature
range 220-607K reported in the recent discharge flow-resonance
fluoresacence study of Lewisz gt al. (1980). Those results are

consiatent with these obtained in the competitive chlorination

astudies of Pritchard gt al. (195%) and Knox and Nelson (1959).

44, New ontry. Since abstraction would be endothermic by 9 kcal/mol,

the initial step must be addition to give an excited CEHjCI radical
which efther will be stabilized or will decompose to give the original

S0
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reactants. Lee and Rowland (1977}, in a high preasure study using
radiocactive tracer techniques, oconcluded that the initial addition must

oceur once in not more than 5 collisions. They calculated that under
oonditions corresponding to the stratosphere at 30 km the overall
convarsion of Cl to stabilized C2H2C1 procseds with a rate

coufficlent of about 1 x 10'12 cm3 lm::leculc!'1 a". Poulet ot al.
(1977) discuss their own earlier work using the discharge flow-mass
apactrometric tochnigue at t torr helium in whioh they report a

value of (2,0%0.5) x 10~13 independent of temporature from 295-500K.
They peint out that theae resulta can be reconciled with those of

Leo and Rowland if the efficiency of stabilization of excited
CEHECI is 1/500 at 1 torr helium. Theo rate constant given in the
table is for the overall rate of conversion of Cl to a stabilized CZHZC1

radical under conditions of the stratosphere at 30 km. The probable

Ca e et b e ot

fate of this radical fs reaction with 02.

New entry. Thia recommendation ia based on results obtained over the
Ltepperature range 200-500K using the flash photolysis-resonance fluorescence
technique in the only reported study of this reaction, Michael at

al. (1979b). This reaction has beon used as a source of CHQOH and

as u source of HO, by the reaction of CHQOH with 02. Sce Radford

(16¢80) and Radrord gt al. (1981).

Un~hanged from JPL 81-3. The results reported by both groups (Clyne

and Walker (1973), and Manning and Kurylo (1977)) are in good

agreement at 298 K. Howevor, the value of the activation energy

measuraed by Manning and Kurylo is aignificantly lower than that

measured by Clyne and Walker. Both groups of workers measured the

rate constant for the Cl + C“u and, simiiarly, the activation energy
measured by Manning and Kurylo was significantly lower than that

measurod by Clyne and Walker., It is suggested that the discharge
flow-masa apectrometric technique was in this case subject to a systematio
orror, and {t is recommended that the flash photolysis results be used for

stratoapherice caleulations in the 200-300 K tcﬁpcraturo range (sce
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" crepancy between the results of Clyne and Walker and the flash photo=
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discussion of the Cl + CH, studies). In the discussion of the
CtL + CHu reaction it was suggested that some of the apparent dis- ’ ' i

lysis studies can be explained by nonlinear Arrhenius behavior. i
However, it 13 less likely that this can be invoked for this

reaction as the pre-exponential A-factor (as measured in the flash

photolysis studies) is already ~3.5 x 10"11 and the significant i
curvature which would be required in the Arrhenius plot to make the ;
data compatible would result in an unreasonably high value for A
(> 2 x 10719y,

Changed from JPL 81=3. The results from five of the six publisheu E
studies (Michael at al. (1979a), Anderson and Kurylo (1979), Niki ‘
et al. (1978a), Fasano and Nogar (1981) and Poulet et al. (1981))

are in good agreement at ~298K, but -50% greater than the value
reported by Foon gt al. (1979). The preferred value at 298K (7.3 x
10'11) was obtalned by combining the absolute values reported by
Michael g% al., Anderson and Kurylo, and Fasano and Nogar, with the
values obtained by combining the ratio of k(Cl + H,C0)/k(Cl + C,Hg)
reported by Niki et al. (1.3%0.1) and by Foulet et al. (1.16%0.12)

with the nreferred value of 5.7 x 107! for k(C1 + C,Hg) at 298K.
The praferred value of E/R was obtained from a least squares fit to all
the data reported {n Michael gt al. and in Anderson and Kurylo.

The A-factor was adjusted to yield the preferred value at 298K.

tiichanged from JPL 81-3. The absolute rate coefficients determined
at -298 K by Watson et al. (1976), Leu and DeMore (1976),

Michael et al. (1977), PFoulet et al. (1978a) and Keyser (1980a)
range in value from (3.6-6.2) x 10-13, ‘The studies of Michael

et al., Keyser} and Poulet gt al. are presently considered to
be - the most reliable. The preferred value for the ]rrhénius
expression is taken to be that reported by Keyser. The A-factor

" reported by Michael gt al. 1s considerably lower than that expected

frbm theoretical considerations and may possibly be attributed to:
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50.

51.

decomposition of H202 at tcemperatures above 300 K. The data

of Michael et gl. at and below 300 K are in good agreement with .the
Arrhenjus expression reported by Keyser., More data are required
before the Arrhehius parameters can be considered to be well
established.

New entry. This recommendation is based on results over the temperature
range 243-365K usiag the discharge flow-nmass spectronmetric technique

in the only reported study of this reaction, Cook et al. (198ta).
In a subsequent paper, Cook gt al. (1981b) argue that Cl, + OH
areo the major products of this reaction even though the reaction

channel giving HCl + Cl0 is more exothermic.

Unchanged from JPL 81-3. Neither study (Leu and DeMore (1976), and
Poulet et al. (1978a)) can be considered to be definitive. Poulet
et al. postulated that Leu and DeMore were observing removal of
HNO3 via a heterogeneous process, While this hypothesis is
poasibly correct, the value of E/R reported by Poulet gf al. is
much higher than would be expected (resulting in a surprisingly low
value for k at 298 K). Although this reaction is not important in
atmoapheric chemistry, additioral studies are required to provide
accurate Arrhenius parameters, Until further data becomes
availadble, the preferred value is basei on assuming that the data of

Leu and DoMore represents an uppor limit.

Changed from JFL 51-3. The recommendationsa forr the two reaction

channels are based upon the recent racsults by Lee 2nd Howard (1981)
using a discharge flow system with laser magnetic resonance
detection of HO,, OH and Cl0. The total rate constant 1is
temperature fndependent with a value of (4.2%0.7) x 10‘11 cm3 '
molecule™! s~} over. the temperature range 250-420K. This value

for the total rate constant is in agreement with the value
reconmended in JPL 81-3, which was based on indirect studies

relative to Cl + H,C, (Leu and DPeMore (1976), Poulet gt al.
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53.

54.

55.
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(1978a), Burrows et al. (1979) or to Cl + H, (Cox (1980)). The
contribution of the reaction channel producing OH + Cl10 (21% at
room temperature) is much higher than the upper limit reported by
Burrows gt al. (1% of total reacbion). The value of the rate

constant for this channel, when combined with the rate constant for
the reaction Cl10 + OH (assuming the products are CiL + HOa). ylelds

an equilibrium constant of 1.0. This gives a value for the heat of
formation of Hoz at 298K of 3.3 kcal/mol), in reasonably good

agreement with the Howard (1930) value of 2.5%¥0.6 kcal/mole., Weissman
et al. (1981) propose that the reaction proceeds by radical combination
to give an excited HOOCl intermediate whose stabilization may become

important at stratospheric temperatures.
See note 51.

Unchanged from JPL 81-3. The preferred value of 9.8 x 10~ cm3molecule~ts™?
was determined from two independent absolute rate coefficient studies
reported by Ray et al. (1980), using the discharge llow-resonance
fluorescence and discharge flow-mass spectrometric techniques,

This value has been confirmed by Burrows and Cox (1981) who determined

the ratio k(Cl + C1,0)/k(Cl + H2) = 6900 in modulated photolysis

experimerts., The earlier value reported by Basco and Dogra (1971)

has been rejected. The Arrhenius parameters have not been experimentally
determined; however, the high value of k at 298 K precludes a

substantial positive activation energy.

Unchanged from JPL 81-3. Data reported by Bemand, Clyne and Watson
(1973). ' '

Changed from JPL 81-3. Recent flash photolysis/resonance
fluorescence studies by Margitan (1982) show that the rate constant
for this reaction is almost two orders of magnitude faster than
that indicated by the previous work of Kurylo and Manning (1977)
and Ravishankara gt al. (1977b). It is probable that the slower
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56.

57.

reaction observed by Kurylo and Manning was actually O + C1N03,

not Cl + C1N03.

Changed from JPL 81~3, This value is based on the discharge flow- i
resonance fluorescence study of Clyne and Cruse (1972) and the _
flasi photolysis-resonance fluorescence sthdy of Nelson and Johnston
(1981), Grimley and Houston (1960) reported a value which is lower
than this preferred value by a factor of four. This low value may

be due to adsorption of CINO on the vessel walls in their static
experiment., There are no reliable data on the temperature dependence.

Unchanged from JPL 81-3. Values of 1.56 x 10~10, 9.8 x 10=!7, and
1.67 x 1010 have been reported for k,(Cl + C100 ~ Cl; « 02) by
Johnston et al. (1969), Cox et al. (1979), and Ashford ef al.

(1978), respectively. Values of 108, 20.9, 17, and 15 have been
reported for ka(Cl + Cl00 * C12 + 02)/k(C1 + Cl100 * 2 Cl0) by
Johnston gt al., Cox et al., Ashford et al., and Nicholas and
Norrish (1968). Obviously the value of 108 by Johnston gt al. is

not consistent with the others, and the preferred value of 17.6 was ootained

by averaging the other three values (this 1is in agreement with a value ;
that can be derived frcm a study by Porter and Wright (1953)). The ;
absolute values of }_ and ky are dependent upon the choice of‘XH? (C100)

(the values of HZ (C100) reported by Cox gt al. and Ashford et al.

are in excellent agreement, {i.e. 22.7 and 22.5 kcal/mol,

respectively). The preferred value of ka(Cl + Cl00 ~ C12 + 02) is

taken to be the average of the three reported values, i.e, 1.4 x

10-10 cm3.molecu1e'1s’1. Consequently, the preferred value

of ky(Cl + Cl00 * 2 C10) is k,/17.6, f.e. 8.0 x 10~72 cm3

molepule"s“. The E/R values are estimated to be zero, which is

consistent with other experimentally determined E/R values for atom=

radical reactions.

Unchanged (rom JPL B81-3. The recomménded rate constant is based on
tie experimental data of Bemand et al. (1973,; Clyne and Nip (1976b),
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60.

and 2ahniser and Kaufman (1977). The E/R values reported by Clyne and
Nip and Zahni{ser and Kaufman are in poor agreement. Before this
rate constant can be considered to be well established, additional data

are required,

Minor change from JPL 81~-3. The absolute rate coerficients deter-
mined in the four discharge flow mass spectrometric studies (Clyne
and Watson (1974a), Leu and DeMore (1978), Ray and Watson (1981)

and Clyne and MacRobert (1980)) and the discharge flow laser magnetic
resonance study Lee gt al. (1982) are in excellent agreement at

298K, and are averaged to yield the preferred value. The value
reported by Zahniser and Kaufiran (1977) from a competitive study

i1s not used in the derivation 2 the preferred value as it is about 33%
higher. The magnitudes of the temperature dependences reported by
Leu and DeMore (1978) and Lee et al. are in excellent agreement.
Although the E/R value reported by Zahniser and Kaufman (1977) is

in fair agreement with the other values, it is not considered as it
is dependent upon the E/R value assumed for the Cl + 03 reaction.

The Arrhenius expression was derived frou a least squares fit to
the data reported by Clyne and Watson, Leu and DeMore, Ray and Watson,
Clyne and MacRobert and Lee gt al.

Unchanged from JPL 81-3. There have been four low pressure discharge
flow studies, each using a different experimental detection
technique, and one high pressure molecular modulation study
{(Burrows and Cox, 19581) at 298 K. The values reported at 298 K,

in units of 10712 cn3 molecule™'s™!, are 0.85%0.19 (Poulet et al.,
1978), 3.320.5 (Reimann and Kaufman,1978), 4.5%0.9 (Leck eit al.,
1980),.6.331.3 (Stimpfie et al., 1979), and B.H:g (Burrows and Cox,
1981). The vglue of Poulet gt al. was disregarded and the preferred
value taken to be the mean of the other four values, i.e, k = 5,0 x 10'12cm3
colecule™'s™!. The agreement between the low pressure values

and the one atmosphere value suggests the absence of a th;nd order

complex forming process. The only temperature dependence study
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62.

(Stimpfle et al.) resulted in a non—linear Arrhenius behavior. The
data were best described by a four parameter equation of the form

k = Ae~B/T crh, possiblé suggesting that two different mechanisms
may be occurring. The expression forwarded by Stimpfle et al. was

3.3 x 10~11 exp(~850/T) + 4.5 x 10712 (1/300)~3*T. Two possible
preferred values can be suggested for the temperature dependence of

k; (a) an expression of the form suggested by Stimpfle et al., but
where the values of A and C are adjusted to yield a value of 5.0 x
10712 at 298 K, or (b) a simple Arrhenius expression which fits the data
obtained at and below 300 K (normalized to 5.0 x 10"12 at 298 K),
i.e., 4.6 x 10-13 exp(710/T). The latter expression is preferred.

The two most probable pairs of reaction products are, (1) HOCl + 02

and (2) HCl1 + 03. Both Leu (1980b) and Leck e 3l. used mass
spectrometric detection of ozone to place upper limits of 1.5% (298 K),
3.0% (248 K) and 2.0% (298 K), respectively, on k,/k. Burrows and Cox
report an upper limit of 0.3% for k2/k at 300 K.

Unchanged from JPL 81-3. Poulet et al. (1980) have determined ar
upper limit of 10'15cm3molecule'1s‘1 for k at 298 K using the
discharge flcw-EPR technique.

Changed from JPL 81-3. This recommendation is based on the recent
discharge flow-resonance fluorescence, temperature dependent, study of
Ravishankara and Eisele (1982), and a similar study at rodm
temperature by Leu and Lin (1979). The preferred value at 298 K is

the mean of the values reported in these two studies, The A-factor

was adjusted to give the preferred value at 298 K. Lev and Lin determined
a lower limit of 0.65 for-k1(0H + Cl0 > HO, + C1)/%x (OH + Cl0 - products)
at 298K. The approach was somewhat indirect and the actual value

of k1/k may be unity. If in fast it is unity, then the value of

this rate constant and that for the reverse reaction (Cl + HO, +

OH + C10) are consistent with the Howard (1980) value. of. 2.5%0.€

kcal/mol for the heat of formaiion of HO,. See note on Ci + HO2

reaction. Additional studies of the rate and mechanism as a function of
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pressure and temperature are needed.

63. Unchanged from JPL 81~3. .These upper limits are based on the data
of Walker (reported in Clyne and Watson (1974a)). The upper limits
shown for k (298) were actually determined from data collected at
either 587 K or 670 K. The Arrhenius expressions were estimated
based on this ~600 K data.

64. No recommendation at present. For a discussion of the Cl0 + Cl0O
reactions the reader is referred to Watson {1977, 1980).

65. Unchanged from JPL 81-3. The branching ratio between the two
channels is not known, but, for the present discussicn, is :
assumed to be unity. The Arrhenius parameters were estimated, and f
the upper 1limit rate constants are based on data reported by DeMore, i
Lin and Jaffe (1976) and by Wongdontri-Stuper gt al. (1979).

66. Unchanged from JPL 81-3. There is good agreement between six
groups of workers at -298K (Takacs and Glass (1973¢), Zahniser §
et al. (1974), Smith and Zellner (1974), Ravishankara et al. :
(1977a), Hack et al. (1977) and Husain et al. (1981)) and the \
preferred value at this temperature is the average of the six. The
Arrhenius expression was derived by giving an equal weighting to
data reported by Zahniser et al., Ravishankara et al., and Smith

and'Zellner.

67. Unchanged from JPL 81-3. There are no experimental data for this
reaction. This is an estimated value based on the OH + H,0,
reaction, which should have roughly simitar E/R and A values.

68. Thqre have been several studies of each of the OH « CHxFyx(u-x;y)
(X = C1l or Br) reactions, i.e. OH + CH3C1, CH2C12, CHCIB, CHFClz,
CHFECI, CH,C1F, and CHsBr. In each case ;pere has been quite good
agreement between the reported results (except for Clyne and Holt,
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(1979b)), both at ~.298 K and as a function of temperature.' However,
in certain cases it can be noted that the E/R values obtained from
studies performed predominantly above 298 K were greater than the
E/R values obtained from studies performed over a lower temperature
' range, e.g. the E/R value for OH + CH3C1 reported by Perry etf al.
(1976a) 1s significantly higher than that reported by Davis gt al.
(1976). These small but significant differences could be
attributed to either experimental error or non-linear Arrhenius
behavior. The recent results of Jeong and Kaufman (1982) have shown
a non~-linear Arrhenius behavior for each reaction studied. They
found that their data could best be represented by & three parameter
equation of the form ATzexp(-B/T). The experimental ATzexp(-B/T)
fit is stated by the authors to be in agreement with that expected

from transition state theory.

The preferred values shown in this review were obtained by first
fitting all of the absolute rate data for each reaction (except
Clyne and Holt (1976b)) to the three parameter equation ATEexp(-
B/T), and then simplifving these equations to a set of "derived
Arrhenius expressions® centered at 265 K. The derived Arrhenius
expressions were centered at 265 K as a temperature representative
of the mid-troposphere. The ATzexp(—B/T) expressions are given

for each reaction in the individual notes, while the "derived
Arrhenius expressions® are entered in the table of preterred values.
Obviously "derived" Arrhenius expressions can be centered at any
temperature from the three parameter equations (these should be
restricted to within the temperature range studied). Transforming
k = AT2exp(-B/T) to the form k = A'exp(-E/T): E' = B + 2T and

A' = A x € 'x 19,

OH + CH3C1-

Unchanged from JPL 81=3. The preferred values were obtained using

only absolute rate coetficient data. The data of Howard and
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Evenson (1976a), Davis gt al. (1976), Perry et al. (1676), and Jeong
and Kaufman (1982) are in good agreement and were used to deterzinue
the preferred values, Fitting the data to an expressio= of the form
ATeexp(-B/T) results in the equation 3.49 x 10'18 Tzexp(-SBZIT)

over the temperature range (247-483)K. This results in a preferred
value of 4.40 x 10~ "Wer3 molecule='s™! for k at 298 K. The derived
Arrhenius expression centered at 265 K is 1,81 x 10'12exp(-1112/T),

OH + CH,Cl,

Unchanged from JPL 81-3. The preferred valuss were obtained using
only absolute rate coefficient data. The accuracy of the OH + CHu/
OH + CH2C12 study (Cox et al. 1976a)) was probably no better than

a factor of 2. The data of Howard and Evenson (1976a), Davis et al.
(1976), Perry et al. (1976a), and Jeong and Kaufman (1982) are in
good agreement and were used to determine the preferred value {the
values of Davis gb al. are somewha: lower (20%) than those reported
in the other studies but are inclucded in the evaluation). Fitting
the data to an expression of the form ATZexp(—B/T) results in the
equation 8.586 x 10'18 T2exp(-502/T) over the temperature range
245-1455 K. This results in a preferred value of 1.41 x 10~ 13cm3
molecule™'s~! for k at 298 X. The derived Arrhenius expression
centered at 265 K is 4.45 x 10~12exp(-1032/T).

CH + CHCl3

Unchanged from JPL 81-3. The preferred values were obtained using
only absclute rate coefficient data. The accuracy of the OH «+ CHu/
OH + CHCl3 study (Cox et al. (1976a)) was probably no better than

a factor of 2. The data of Howard and Evenson (1976a), Davis gt 4.
(1976) and Jeong and Kaufman (1982) are 1n_good'agﬁeement and vere
used to determine the preferred values. Fitting the data to an

expression of the form ATzexp(-B/T) results in the equation 6.3 x
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' iO“Bexp(-SONIT) over the temperature rénge 245-487 K. This results
in a preferred value of 1.03 x 10'.‘3cm3mo.l.ecu1e"1s‘1 for k at 298 K.
The derived Arrhenius expression centered at 265 K is 3.27 x 10'12
exp(-1034/T). ' ' '

OH + CHFCl,

Unchanged from JPL 81-3. The preferred values were derived uéing the
absolute rate coefficient data reported by Howard and Evenson
(1976a), Perry et al. (1976a), Watson et al. (1977), Chang and
Kaufman (1977a), and Jeong and Kaufman (1982). The cata of Clyne
and Holt (1979b) was not considered as it is 1in rather poor
agreement with the other data within the temperature range studied;
e.g. there is a difference of -65% at 400 K. [itting the data to

an expressisn of the form ATzexp(-B/T) results in the equation

1.71 x 10'18 Tzexp(-uBB/T) over the temperature range 241-483 K.
This results in a preferred value of 3.0 x 10~ en3molecule™1s™!

for k at 298 K. The derived Arrhenius expression centered at 265 K
1s 0.89 x 10~ 12exp(~1013/T).

OH + CHF,C1

Unchanged from JPL 81-3. The preferred values were derived using
the absolute rate coefficient data reported by Howard and Evenson
(1976a); Atkinson et al. (1975), Watson et al. (1977), Chang and
Kaufman (1977a), Handwerk and Zellner (1978), and Jeong and Kaufman
(1982), which are in good agreement. The data of Clyne and Holt
(1979t) was not considered as it is in rather poor agreement with
the other data within the temperature range studied, except at 298 K
(the reported A-factor of -1 x 10'.'1cmgmol‘ecule'’ss'1 is
inconsistent with that expected theoretically). Fitting the data
to an expression of the form ATzexp(-B/T) results in the equation
1.51 x io"s Tzexp(-IOOO/T) over the temperature range 250-482 K.

This results in a preferred value of 4.68 x 1@"15cm3molecu1e"a'1
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69.

70.

T1.

for E at 298 K. The derived Arrhenius erpression centered at 265 K

13 0.78 x 10~ 12exp(~1530/T).

OH + CH,FCl1

Unehanged from JPL 81-3. The preferred values were derived using the
absolute rate coefficient data reported by Howard ard Evenson
(1976a); Watson et al. (1977), Handwerk and Zellner (1978), and

Jeong and Kaufman (1982) which are in fair agreement. Fitting the
data to an expression of the form ATaexp(-B/T) results in the

equation 3.77 x 10~18 Tzexp(—GOH/T) over the temperature range

245-486 K. This results in a preferred value of 4.41 x 10~ on3
molec_uleqs"1 for k at 298 K. The derived Arrhenius expression
centered at 265 K 1s 1.96 x 10~ '2exp(~1134/T). .

Unchanged from JPL 81-3. This evaluation is based on the recent

data of Jeong and Kaufman (1979) and Kurylo et al (1979). Their
results are in excellent agreement over the temperature range

250-460 K. The =arlier results of Howard and Evenson (1976b),

Watson et al. (1977), Chang and Kaufman (1977a) and Clyne and Hnlt
(1979a) were discounted in favor of the recent results. The earlier
results showed higher values of the rate constant, and lower E/R

values. This may be indicative of the CH3CCI3 uc.d in tae early studies
being contaminated with small amounts of a reactive olefinic

impurity.

Unchanged from JPL 81-3. The preferred value at 298 K is a mean of

the values reported by Howard (197/6) and Chang and Kaufman (1977a).

The -value reported by Winer st al. (1976), which is more than a

factor of 10 greater, is rejc:ted. The preferred Arrhenius parameters

are those of Chang and Kaufman,

Unchanged from JPL 81-3. The preferred value at 298K is a mean of
the values reported by Howard (1976) and Chang and Kaufman (1977a).

!



T2,

73.

Th.

' The value derived from a relative rate coefficient study by Winer

et al. (1976) is a factor of about -2 greater than the other values and
is not considered in deriving the preferred value at 298 K. The
Arrhenjus parameters are based on those reported by Chang and Kaufman
(the A-factor is reduced to yleld the preferred value at 298K).

Unchanged from JPL 81-3. Tﬁe A-factor was estimated, and a lower
limit was derived for E/R by using the upper limits reported for
the rate constants by Chang and Kaufman (1977b) at about .480 K.
These expressions are quite compatible with the upper limits
reported for these rate constants by Atkinson et al. (1975),

Howard and Evenson (1976a), Cox et al. (1976a) and Clyne and Holt
(1979b). None of the investigators reported any evidence for

reaction between OH and these chlorofluoromethanes.

Unchanged rrom JPL 81-3. The results reported by Zahniser gt al. ;
(1977) and Ravishankara et al. (1977b) are in good agreement at
~245K (within 25%), considering the difficulties associated uith.
handling ClONOZ. The preferred value is that of Zahniser et al.

Nelther study reported any data on the reaction products.

Minor change from JPL 81-3. Fair agreement exists between tne
results of Brown and Smith (1975), Wong and Belles (1971),
Ravishankara et al. (1977a), Hack et al. (1977) and

Singleton and Cvetanovic (1981) at 300K (some of the values for k
(300KX) were obtained by extrapolation of the experimentally
determined Arrhenius expressions), but these are a factor of
~7 lower than that of Balakhnin e al. (1971).

tnfortunately, the values reported for E/R aré in complete
disagreeuwent, ranging from 2260-3755K. The preferred value
was based on the results reported by Brown and Smith, Wong and
Belie;. Ravishankara gj al., Hack et al. and Singleton

and Cvetanovic but not these rejorted by Balakhnin et al.
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75.

76,

7.

78.

79.

80'

Unchanged from JPL 81-3., There are no experimen;al data; this is
an estimated value based on rates of (O~atom reactions with similar

compounds.

Unchanged from JPL 81-3. The results reported by Molina et al.
(1977b) and Kurylo (1977) are in good agreement, and this data has
been used to derive the preferred Arrhenius expression. The value
reported by Ravishankara et al. (1977b) at 245K is a factor of 2
greater than those from the other studies, and this may possibly be
attributed to (a) secondary kinetic complications, (b) presence of
NOZ as a reactive impurity in the ClONG,, or (c) formation of
reactive photolytic products. HNone of the studiss reported identi-
fication of the reaction products. The recent room temperature
result of Adler-Golden and Wiesenfeld (1981) is in good agreement
with the recommended value.

This recommendation is based on results obtained by Miziolek and

Molina (1978) over tne temperature range 236-295K in a discharge

flow system under pseudo first order conditions for 0 atom decay.

The values reported by Basco and Dogra (1971a) and Freeman and Phillips
(1968) have not been included in the derivation of the preferred value
due to data analysis difficulties in each of these studies.

Unchanged from JPL 81-3. Arrnenius expression was estimated based

cn 298 K data reported by Bemand, Clyne and Watson (1973).

Unchanged from JPL 81-3. Arrhenius expression was estimated based
on 293K data reported by Bemand, Clyne and Watson (1973).

Unchanged from JPL 81-3. The results reported for k (298K) by
Clyne and Watson (1975), Leu and DeMore (1977), Michael gt al
(1978) and M.chael and Payne (1979) are in excellent agreement.
Tte preferred value at 298K is derived by taking a simple mean of

these four values. The temperature dependences reported for k by
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81.

82.

83.

Leu and DeMore, Michael et al. and Michael and Payne can only be
considered to be in fair agreement. There is a spread of 25% in k

at 220X and 50% at 360K. Although the results reported by Michael

et al. and Michael and Payne are in good agreement, there is no

reason at present to discard the results of Leu and DeMore. Therefore,
until further results are rebortéd, the preferred value was synthesized
to best fit all the data reported from these four studies.

Minor change from JPL 81-3. Using the discharge flow-mass spectrometric

technique Leu (1980a), and Posey gt al. (1981) determined an upper
limit for k of -2 x 10'15 at ~298 K. Leu also reported an upper
limit for k of 3 x 10”12 at 417 K. An estimate of the Arrhenius
expression would be <1 x 10'11exp(—2500/T). The A-factor was chosen
to be consistent with that determined for the Cl-o-ll202 reaction,
and the E/R value was calculated to yield the upper limit at 298 K.

Changed from JPL 81-3. There have been two studies of this rate
constant as a function of temperature; Nava gt al. (1981), using
the flash photolysis-resonance fluorescence technique, and Poulet
et al. (1981), using the discharge flow-mass spectrometric
technique. These results are in reasonably good agreement. The
Arrhenius exprescion was derived from a least squares fit to the
data reported in these two studies. The higher room temperature
value of LeBras et al. (1989) using the discharge-flow - EPR
technique has been shown to be in error due (o seccndary chemistry
(Poulet ¢t al.).

Posey et al. (1981) used the discharge flow-mass spectrometric
technique to determine a value of 2 x 1013 (2ractor of 2) for k at
298K. This value seems low for an atom-radical reactfon; for

example, it is two orders of magnitude lower than the corresponding

‘reaction of HO2 with Cl. Therefore, until there is additional

data, it is suggeated that this be used as a lower limit.
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84.

85-

Unchanged from JPL 81-3. The preferred value is based on the value
reported by Clyne et al. (1976)5 This value ﬁppears to be quite
reasonable in light of the known reaﬁtivity of Cl0 radicals with
atomic oxygen. The éemperature dependence of k is expected to be
small for an atom-radical process, e.g., 0 + Cl0.

Unchanged from JPL 81-3. The results rep. .ed by Clyne and Watson
(1977) and Basco and Dogra (1971b) differ not only in the magnitude
of the rate constants, but also in the interpretation of the
reaction mechanism. The preferred value is that reported by Clyne
and Watson. The temperature dependence for such processes is
expected to be small, as for BrO + BrO. Although the second
reaction channel is shown proceeding directly to Br + Cl + 02, it
may proceed through Br + C100 (AH® = -6.6 kcal/mol”) or Cl «+ Broo
(AH® unknown). '

Unchanged from JPL 81-3. The results of the three low pressure
mass spectrometric studies (Clyne and Watson (1975), Ray and Watson
(1981) and Leu (1979) and the high pressure uv absorption study
(Watson et al. (1979)), which all used pseudo first-order
conditions, are in excellent agreement at 298 K, and are thought
to be much more reliable than the earlier low pressure uv absorption
study (Clyne and Cruse (1970b)}. The results of the two temperature
dependence studies are in good agreement and both show a small
negative temperature dependence. The preferred Arrnenius expression
was derived from a least squares fit to all the data reported in

the four recent studies. By combining the data reported by Watson

- gt al. with that from the three mass spectrometric studies, it

¢can be shown that this reaction does uot exhibit any observable

pressure dependence between 1 and 750 torr total pressure. The

" temperature dependences of k for the analogous Cl0 and HO2 reactions

are also negative, and are similar in magnitude.
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87.

Changed from JPL 81-3. There are two possibtle bimolecular channels
for this reaction: Br0 + BrO = 2Br + 0, (k,) and BrO + Br0 + Br, + 0,
(ky)+ The total rate constant for disappearance of Bro (k = ky +
kz) has been studied by a variety of techniques, including discharge
flow=-ultraviolet absorption_(Clyne and Cruse, 1970), discharge
floﬁ-maas spectrometry (Clyne and Watson, 1975) and flash
photolysis-ultraviolet absorption (Basco and Dogra, 1971; Sander
and Watson, 1981b). Since this reaction is secoﬁd order in [Brol.
those studies monitoring [Br0} by ultraviolet absorption req.red
the value of the cross section v to determine k. There is
substantial disagreement in the repnrted values of v. Although the
magnitude of ¢ is dependent upon the particular spectral transition
selected and instrumental parameters such as spectral bandawidth,
the most likely explanation for the large differences in the
reported values of ¢ 1s that the techniques (based on reactlion
stoichibmetries) used to determine © in the early studies were used
incorrectly (see discussion by Clyne and Watson), The recent study
of fander and Watson used totally independent methods to determine
the values of ¢ and (v/k). The recommendations for k, and ko

are consistent with a rzcommendation of k = 1,14 x 10-12
exp(+255/T) cn3 molecule™! s=1. This temperature dependence is the
corrected value from Sander and Watson, and the pre-exponential has
been chosen to fit the value of k(298K) = 2.7 x 10712 cm3 molecule™!
s", which is the average of the values reported by Clyne and
Watson (the mass spectrometric study where knowledge of ¢ is not
required) and by Sander and Watson (the recent absorption study).
There was no observable pressure dependence from 50 to 475 torr in
the latter study. In a recent study, Cox et al. (1982) used the
molecular modulation technique with ultraviolet absorption to
derive a temparature independent value of k2 which is 50 percent

greater than the 298K value recommended here.

The partitioning of the total rate constant into its two

components, k1 and kz, has been measured by Sander and - -Vatcon
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88.

89.

90.

-at 298K, by Jaffe and Mainquist (1980) from 258 to'333K. and by Cox

. at al. (1982) from 278 to 348K. All are in agreement that k1/k z

0.84%0.03 at 298K. In the temperature dependent studies the
quantumn yiéld for the bromine photosensitized decomposition of
ozone was measured. Jaffe and Mainquist observed a strong,
unexplained dependence of the quantum yield at 298K on [Br;], and
their results were obtained at much higher [Br2? values than were
those of Cox et al. This makes a comparison of results difficult.
From an analysis of both sets of temperature dependent data, the
following expressions for k./k were derived: 0.98 exp(-44/T) (Jaffe
and Mainquist); 1.42 exp(-163/T) (Cox et al); and 1.18 exp(-104/T)
(mean value), This mean value has been combined with the
expression for k given above to yield the expression for k1 shown
in the table. The expression for k2 results from the numerical
values of k2 at 200K and 300K derived from the evaluation of these
expressions for ky and for k(=k; + ks).

Unchanged from JPL 81-3. Based on a study reported by Sander and

Watson (1981b). Clyne and Cruse (1970a) also reported an upper limit

of 8 x 10"1l‘cm:"‘moleculeﬂ3"1 for this reaction. Both studies
reported that there is no evidence for this reaction. The analogous

'18cm3molecule'1s“’.

Cl0 reaction has a rate constant of <10
Unchanged from JPL 81-3. Value chosen to be comparable with the
value of k(Cl0 + HO,) at 298 K, as there are no experimental data.
The uncertainty factor in k at 298 K precludes the need to estimate
the temperature dependence in k, as it would have a smaller
magnitude than the'uncertainty over the temperature range of the

stratosphere.

Unchanged from JPL 81-3. Value chosen to be consistent with
k(Cl0 + OH), due to the absence of any experimentdl data.
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91. Changed from JPL 81-3. Takacs and Glass (i973a) and Jourdain

92.

93.

at al. (1981) used the discharge flow - EPR technique and

reported k (298K) to be 5.1 and 9.2 x 10‘12 cm3 molecule™! 3'1,
respectively. Ravishankara gt al. (1979a) and Husain gt al. (1981)
used the flash photolysis-resonance fluorescence technique and
reported values of 11.9 and,ﬁ.b x 10~12 cp3 molecure™! s“,
respectively. The preferred value of k (298K) is taken to be a
simple mean of these four values, The data reported by Ravishankara
&k al. show that the rate constant exhibits no temperature
dependence bsiwcen 249-416K.

Unchanged from JPL 81-3. The absolute rate coefficients determined
by Howard and Evenson (1976a) and Davis et al. (1976) are in
excellent agreement at 298 K. The same approach has beeh used to
determine the preferred Arrhenius parameters as was used for the

OH + CHxFyCIu_x_y reactions, Fitting the data to an expression

of the form ATaexp(-B/T) results in the equation 1.17 x 10‘18
Tzexp(—295/T) over the temperature range 244-350 K. This results

in a preferred value of 3.86 x 10~ 1¥cm3molecule~1s~! for k at 298 K.
The derived Arrhenius expression centered at 265 K is 6.09 x 10~13
exp(-825/T).

Unchanged from JPL 81-3. As the values reported for k at 298 K
(Takacs and Glass (1973b), Brown and Smith (1975) and Singleton and
Cvetanovic (1978)) are in fair agreement, the mean is taken to be
the preferred value., The agreement between the values deduced froam
the reported Arrhenius expressions (Brown and Smith (1975) and
Singleton and Cvetanovic (1978)) at stratospheric temperatures

is rather poor; e.g., the values differ by -T0% &t 250 K. . The
preferred value has been synthesized to Best fit both sets of data
between 250 and 400 K. The A-factor derived for the preferred
expqusion and that reported by Brown and Smith appear to be 1ouér
than would be expected. This, combined with the absence of ljata

at stratospheric teaperatures, leads to con;@derable uncertainty in
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the values of k between 200 and 260 K.

94, Unchanged from JPL B1-3. The only experimental data is that
reported by Wagner et al. (1972). Value zppears to be quite
reasonable in view of the well known reactivity of atomic chlorine
with 03.

95. Minor change from JPL 81-3. The value of k at 298K seems to be well
established with the results reported by Homann gt al. (1970},
Warnatz et al. (1972), Zhitneva and Pshezhetskii (1978), Heidner
et al. (1979, 1980), Wurzberg and Houston (1980), Dodonov et al.
(19%1), Clyne et al. (1973), Bozzelli (1973), and Igoshin et al.
(1974), being in excellent agreement (range of k being 2.3-3.3 x 10~
cm3 molecule™! 3‘1). The preferred value at 298K is taken to be the
mean of the values reported in these references. The magnitude of the
temperature dependence is not quite as well established with values of
E/R ranging from 433-755K (Homann gt al., Warnatz et al., Heidner
et al., Wurzburg and Houston, Igoshin et al.). The preferred
value of E/R is taken to be the mean of the results from all of the
studies. The A-factor was calculated by taking E/R to be 570K, and
k at 298K to be 2.8 x 10~ cm3 melecule™? s,

96. Unchanged from JPL 81-3. The three absolute rate coefticients
determined by Wagner et al. (1971), Clyne &t al. (1973) and Kompa
and Wanner (1972) at 298 K are in good agreement; however, this
may be somewhat fortuitous as the ratios of k(F + H,)/k(F + CHy)
determined by these same groups can only be considered to be in fair
agreement, 0.23, 0.42 and 0.88. The values determined for k (298)
from the relative rate coefficient studies are also in good
agreehent with those determined in the absolute rate coefficient
studies, and the value of 0.42 reported for k(F + Ez)/k(F + CHu)
by Foon and Reid (1971) is in good agreement with that reported by
Clyne et al. The preferred value of 8.0 x 10~'? for k (298) is a
weighted mean of all the results. The magnitude of the temperature
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97.

98.

99.

100.

dependence is somewhat uncertain. The preferred Arrnenius
parameters are based on the data reported by Wagner et al., and

Foon and Reid, and the preferred Arrhenius parameters of the F + Hz
reaction. This reaction has recently been_revieued by both Foon

and Kaufman (1975) and Jones and Skolnik (1976). A-factor may be
too high. ' :

Unchanged from JPL 81-3, This is the value of Zetzsch (1971) which
was reporteu in the review of Jones and Skolnik (1976). The
reactivity appears to be somewhat lower than might be expected for
such a hydrogen abstraction reaction (see review of Foon and Kaufman
(1575).

Unchanged from JPL 8t-3. This is the value reported by Ray and
Watson (1981) for k at 298K using the discharge flow-mass spectro-
metric tecanique., The temperature dependence of k is expected to
be small for such a radical-radical reaction. The temperature
dependences of k for the analogous Cl0 and BrO reactions have been
reported to be negative, with E/R preferred values of -294K and
-265K, respectively.

Unchanged from JPL 81-3. Although the value of k (FO + FO) reported
by Clyne and Watson (1974b) was obtained in a more direct manner
than that of Wagner et al. (1972), and as such is less susceptible

to error due to the presence of complicating secondary reactions

‘and thus would normally be preferred, the value to be recommended

in this assessment is a we1ghted average of the two studies. From

the data of Wagner et al. it can be seen that the dominarnt reaction
channel is that producing 2F + 0O,. However, their data base is not
adequate to conclude that it is the only process,

Unchanged from JPL 81-3. The FO + 03 reaction has two possible
pathways which are exothermic, resulting in the productior of F + 2
02 or F02 + 02. Although this —eactirn has not been siudied in a
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simple, direct manner, two studies of complex chemical systems have
inferred some kinetic information about it. Starrico gt al. (1962)
measured quantum yields for .ozone destruction in F2/03 mixtures,
and attributed the high values, -4600, to be due to the rapid
regeneration of atomic flu&rine via the FO + 03-+ F + 0, reaction.
However, their results are probably also consistent with the chain
propagation process being FO + FO+ 2 F + 02 (the latter reaction
has be:n studied twice (Wagner et al. (1972), Clyne and Watson
(1974b)), but although the value of [F]produced/[FO]consumed is
known to be close to unity, it has not been accurately determined.
Consequently it is impossible to ascertain from the experimental
results of Starrico et al. whether or not the high quantum yields
for ozone destruction should be attributed to the FL + 03 reaction
producing either F + 2 02 or FOZ + 02 (this process is also a chain
propagation step if the resulting FO2 radical preferentially reacts
with ozone rather than with either FO or itself). Wagner et al
utilized a low pressure discharge flow-mass spectrometric system to
study the F + 03 and FO + FO reactions by directly monitoring the
time history of the concentrations of F, FO and 03. They concluded
that the FO + 03 reaction was unimportant in their system. However,
their paper does not present enough information to warrant this
conclusion. Indeed, their value of k(FO + FO) of 3 x 1011 is
about a factor of 4 greater than that reported by Clyne and Watson,
which may possibly be attributed to either reactive impurities being
present in their systen, e.g.,'0(3P), or that the FO + 03 reactions
were not of negligible importance in their study. Consequently,

it is not possible to determine a value for the FO + 03 reaction
rate constant from existing experimental data. It is worth
noﬁtng that the analogous C10 + 03 reactiop; are extremely slow
(<10‘18cm3molecu1e‘1s”1) (DeMore et al. (1976)), and upper limits
of 8 x 10-1¥ (Clyne and Cruse (1970a)) and 5 x 10"1scm3moléeu1e‘1a'1

- (Sander and Watson (1981b)) have been reported for BrO + 03.
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Unchénged from JPL 91—3. ‘This estimate is probably accurate .to
within a factor of 3, and is based upon the as;umption ihat the
reactivity of FO is similar to that-of_CIO and BrO. The experi-
mentally deteimined rate. constants for Cl0 and Br0O at ~298 K are
5.0 x 10‘11 and 3.0 x 10'11, respectively (NASA preferred values).
The temperature dependence of the rate constant js expected to be
small., The temperature dependence of the analogovs Cl0 reaction
has been studied twice with somewhat different results. The values
reported for E/R are -76 K (Zaaniser and Kaufman (1977) and +224 K
Clyne anJ Nip {1976b)).

Unchanged from JPL 81-3. No experimental data. The rate constant
for such a radical-atom process is expected to approach the gas
collision frequency, and is not expected to exhibit a strorg temp-

erature dependence.

The recommended expression allows foir a factor of two increase in k

with pressure. This increase has been seen in many high pressure

studies (Overend and Paraskevopoulos (1977a), Perry et al. (1977),
Biermann ¢t al. (1978), Cox et al (1976b), and Butler et al (1978)).

The most detailed study was carried out by Biermann et al. (1978)

who found the rate coefficient to depend on both pressure and presence

of 0, (or other impurities). There is still some uncertainty as to
exactly what conditions (impurities?) are reaguired to produce the pressure

effects.

The enhanced reaction rate is thought to go through an addition
complex which yields HO2 and C02 in the presence of 02. Therefore,
in the atmosphere, it is appropriate to write the products to be
H+ CO2 since H atoms are quickly converted to HO,.

Further studies of the combined pressure, [02], and temperature

effects are needed.
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This is an extremely well characterized reaction. All temperature
dependence studies are in good agreement (Greiner (1970a), Davia
ek al. (1974), Margitan et al. (1974), Zellner and Steinert (1976),
Tully and Ravishankara (1980)). Due to this good agreement, and
the curved nature of the Arrhenius plot at higher temperatures, the
value of Davis et al., obtainéd in the temperature interval

240 < T < 373K is recommended.

There 18 excellent agreement between four studies of this reaction
at 298K, i.e., Greiner (1970a), Howard and Evenson (1976), Overend
et al. (1975), and Tully et al. (1982). k(298K) is the average

of these four measurements. The temperature dependence was computed
by using the data of Greiner (1970a) and Tully et al. (1982).

There are five measurements of the rate coefficient at 298K; Greiner
(1970a), Gorse and Volman (1974), Bradley et al. (1973), Overend

et al. (1975), and Tully et al. (1982). Gorse and Volman measured
k(OH + C3H8) relative to k(OH + CO) in the presence of 02 and
calculated k(OH + C3H8) assuming that k(OH + CQ) = 1.5 x 10-13 cm3
molecule~! s, If the current recommended value for k(OH + CO) in
the presence of 02 is used, k(OH + C3HB) will be approximately

1 x 10712 cm3 molecule™! s-1. Only the results of Overend et al.
(1975) (k = 2 x 10=72 cm3 s') are in disagreement with' the other

values., The most probable cause fcor this discrepancy is the presence

of secondary reactions in their system. The 298K value is the average

of the four studies. Only Greiner (1970a) and Tully et al. (1982)
have measured the temperature dependence of this reaction, and the

recommended E/R was obtained from a linear least squares analysis of

the data below 500 K. The A factor was adjusted to reproduce k(298K).

7his reaction has two possible channels, i.e., abstraction of the

primary or the secondary H atom. Therefore, non-Arrhenius behavior'

may be exhibited over a wide temperature range, as seen by Tully ef al.

The branching ratios can be estimated from Greiner's (1970a) formula:

Kprimary * G-f x 10712 exp(-830/T) cm3 molecule™! 5!

T4
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B Cimaa e s epgammamn

ksecondary = 4.6 x 1012 oxp(~430/T) cm3 molecule~! =1

Only the high pressure limiting rate constant is considered here,

This reaction is pressﬁre dependent, and there is reasonable agreement
(faetor of 2) between vearious studies on the high pressure limiting
rate coefficient (Greiner (1970b), Smith and Zellner (1973), Stuhl
(1973), Davis et al. (1975), Gordon and Mulac (1975), Atkinson

et al. (1977), and Overend and Paraskevopoulos (1977b)). The
preferred value is essentially that of Atkinson gt al. (1977); the

error bounds are such that most measurements fall within the limits,

The rate coefficient for this reaction has been measured in
discharge flow tubes by three groups of investigators; Wilson and
Westenberg (1967), Breen and Glass (1970), and Pastrana and Carr
(1974). There is poor agreement between these three studies.

There have also been flash photolysis studies of this reaction.
Smith and Zellner (1973) measured k(298K) = 8 x 10713

cm3 melecule™! s='. Davis et al. (1975) found the rate coefficient
to be independent of pressare, which is contradicted by Perry et al.

{1977) and Michael et al. (1980), who found k(298K) to increase up

to a pressure of .200 torr of argon and then reach a pressure-independent

value.

The recommended value of k(298K) is the average of those obtained
By Perry et al. {1977) and Michael gt al. (1980) and represents

k . The temperature dependence, E/R, is that measurea by Michael
£t 3l. since the 200 torr values measured by Perry gt al. at 350K

and 422k were unlikely to have been at the high pressure limit. The

A factor has been adjusted to reproduce k(298K). In the

troposphuere and lower stratosphere, thg high pressure limited rate

coefficient should appiy.

Trhis reaction has five possible reaction channels: C,H + H,0, CH3 + CO,
CHZCO + H, CHECHO, and CHCO + HZ' A low pressure study has shown
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:CHZCO + H to ve a major produet (Kanofcky et al. (1974)). However,

under high pressure conditions, other channels might be more

'imbortant.

The value for k (298 K) 1s the average of those determined by
Atkinson and Pitts (1978) and Stief et al. (1980), both using the
flash photolysis-resonance fluorescence tecnnique. The value
reported by Morris and Niki (1971) agrees within the stated
uncertainty. There are two relative values which are not in agree-
ment with the recommerdations. The value of Niki et al. (1978b)
relative to 04 + C,Hy is higher while the value of Smith (1978)
relative to OH + OH ia lower. The latter data are aiso at variance
with the negligible temperature dependence ohserved in the two flash
photolysis studies. Although Atkinson and Pitts assign a small
energy barrier (E/R = 90 + 150), their data at 356 K and 426 K

and that of sStief et al. at 228 K, 257 X and 362 K ure all within
10% of the k (298 K) value. Thus, the combined data set suggest E/R
= 0, The abstraction reaction shown in the table is probably the major
channel; other channels may contribute (Horuwwitz &t al., 1978).

There are no direct measurerents of this rate constant. The
estimate given is based on an assumed similarity to OH + H202

and OH + CH3OH. TL3 k(298K) values for these two reactions are
reported to be zimilar: k(OH + Hy0p) = 1.7 x 10712 cn3 polecule™
s~! (this evaluation) and k(Oh + Cd3CH) = 1.0 x 13”12 cnd molecule™!
s-1 (average of three measurements, i.e., Czupbell et al. (1976),
Overend and Paraskevopoulos (1978) and Ravishankara and Davis
(1978)). Since the temperature dependence of the OH + CH30H reaction
hag not been measured, the E/R value for OH + CH300H reaction is
assumed to be same as that for OH + H202. The reaction products

are not specified since abstraction of H from either end of the

molecule is possibdle.

‘J‘ - 16
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The value at 298K is an average of eight measurements; Arriagton

nk.ﬂl. (1965), Sullivan and Warneck (1965), Brown and Thrush

(1967), Hoyermann et al. (1967), Westenberg and deHaas (1969b),

James and Glass (197C), Stuhl and Niki (1971), and Westenberg and

deilaas (1977). There is reasonably good agreement between these
studies. Arfington et al. (1965) did not observe a temperature
dependence, an observation which was later shown to be erroneous by
Westenberg and deRaas (1969). Wcatenberg and deHaas are the only ones
who have measured the temperature deperndence, and they observed a

curved Arrhenius plot. In the range of 195-450K, Arrhenius behavior.
provides an adequate description and the E/R obtained by them in

this temperature range is recommended. The A factor was calculated

to reproduce k(298K). This reaction can have two sets of products,
1.e., CZHO + H or CH2 + CO. Even though under molecular beam conditions
czuo is shown to be the major product, it is not clear what the branching
ratio would be under high pressure conditions.

The recommended values for A, E/R and k (298 K) are the averages

of those determined by Klemm (1979) using flash photolysis-resonance
fluorescence (250 to 498 K) by Klemm et al. (1980) using discharge
flow-resonance fluorescence (298 to TA8 K) and Chang and Barker
(1979) using discharge flow-mass spectrometry (296 to 436 K). All
three studies are in good agreement. The k (298 K) value is also
consistent with the results of Niki et al. (1969), Herron and
Penzhorn (1969), and Mack and Thrush (1973). Although the mechanism
for O + H2CO has been considered to be the abstraction reaction
yielding OH + HCO, Chang and Barker suggest that an addition channel
yielding B + Hc_o2 may be occurring to the extent of 30% of the total
reaction.-_This conclusion is based on an observation of CO2 as a
product of the reaction under conditions where reactions such as
O« HNCO* H + €O, and 0 + HCO - OH + CO apparently do not occur.
This 1ntgrest1ng suggestion needs independent confirmation.
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The recommended k(298K) is the average of three measurements - Washida
and dayes (1976), Siagle et al. (1974) and Washida (1980). The E/R
value is basea on the results of Washida and Bayes (1976) who found
k tb be independant of tempefature between 259 and 341K. All three
studies employed the 0 + CZHR reaction as the CH3 source, anQ CH3
was assumcd to be the major product., Recently, however, it has been
shown (Buss e} al., 1981, Kleinermanns and Luntz, 1981 and dunziker
at al. 1931) that CZH30 is ‘also a significant product of the O + Ca“u
reaction. It is not clear how this finding will afrect the measured
rate coefficlent for the 0 + CH3 reaction,

This bimolecular reaction is not expected to be 1mpor£ant based on
the results of Baldwin and Golden (1978a) who found k < 5 x 10™'7
V51 for temperatures up to 1200K. Klais gf al.
(1979) failed to detect OH (via CH3 + 0, > CH,0 + OH) at 368K

and placed an upper limit of 3 x 10'16 cm3 molecule" 3'1 for this

cm3 molecule”™

rate coefficient, Basharan, Frank and Just (1980) measured k = 1

x 10711 exp(-12,900/T) cm3 molecule™! s=1 for 1800 < T < 22C0K.

The latter two studies, thus, support the results of Baldwin and
Golden. However, both Washida and Bayes (1976) and Washida (1980)
detected a bimolecular reaction and obtained k(298K) to be .1.5 x
10-1& cm3 molecule! s", thereby directly contradicting the above
three studies. 1In this evaluation the results of Washida and Bayes

(1676) and Washida (1980) have not been included.

The rate coefficient has been measured by Radford (1980) by
detecting the HO2 product in a laser magnetic resonance sgectrome.er.

The effect of wall loss of CHZOH could have introduced a large error

in this measurement., Radford also showed that the previous measurement of

Rvramenko and Kolesnikova (1961) was in error.
The recommended A factor and E/R are those cubtalned from the

results of Gutman et al. (1982). These investigators have measured
K directly under pseudo-first order conditions by following CH30
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" too low for a hydrogen atom transfer reaction. The products of this

via iaser induced fluorescence. The temperature interval was 423

to 628K. Cox et al. (1980) used an end product analysis teéhnique

to measure k down to 298K. The previous high temperature measure-

ments (Baker et al. (1977) and Batt and Robinson (1979)), are in
reasonable agreement with the derived expression. k(298K) is calculated
fron the recommended expression, This value is consistent with thie

- 298K results of Cox et al. (1980) and with the upper limit measured

by Sanders g al. (1980). The A factor, shown above, appears to be
reaction are HO, and CH,0, as shown by Niki et al. (1981).
The value of k(298K) is the average of the determinations by

Washida et al. (1974), Shibuya et al. (1977), Veyret and Lesclaux (1981),

and Langford and Moore (1981). There are three measurements of k where !

L A st A —— v

HCO was monitored via the intercavity dye laser technique (Reilly
et al. (1978), wWadtochenko et al. (1979), and Gill et al (1681)).
Even though there is excellent agreement between these three
studies, they yield consistently lower values than those obtained
by other techniques. There are several possible reasons for this
discrepancy. (a) The relationship between [HCO] and laser attenua-
tion might not be linear, (b) there could have been depletion of O2
in the static systems that were used (as suggested by Veyret and
Lesclaux), and (c¢) these experiments were designed more for the
study of photochemistry than kinetics. Therefore, these values are
not included in obtaining the recommended value. The recommended
temperature dependence is essentially identical to that measured

by Veyret and Lesclaux. We have expressed the temperature dependence
in an Arrhenius form even though the authors preferred a ™ form

(k = 5.5 x 10~11 17(0-8°0.3) .03 polecure”? s7Y).

The rate coefficient for this reaction has been measurea by
Washida et al. (1980) and Simonaitis and Heicklen (1975). The value
reported by Simonaitis and Heicklen is 3.1 x 10-13 cn3 molecule'1

s“ at 298K and thus seems to be in agreement with the results
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_of Washida et al. (7.0 x 10~13 op3 molegule".s"). However, the

rate coefficient derived by Simonaitis and Heieklen is based on the

assumption that the high pressure limit rate coefficient for the CH3 + 02 + M

reaction, k., equals 4 x 10™'3 cm3 molecule~! s~1, independen. of temperature,

a value which disagrees with the current recbmmandation of 2 x 10'13 cn3
s”1. If the current recommendation is used, a value of 4,4 x 1012

cn® molecule™! s™1 i3 calculated for k(298k). 1In view of this
discrepancy, the results of the only direct study, i.e.,, Washida at

al. (1680), are recommended. Tn the absence of direct measuremehts. no
temperature dependence is recomnended. This reaction has at least four
poasible sets of products; HCOOH + CH, CHZO + HOZ' CH30 + 02. and cn202 + H.

The branching ratios are unknown,

There are no direct studies of this reaction. The quoted upper
limit is based on indirect evidence obtained by Simonaitis and
Heicklen (1975).

The recoomended value for k(298K) is the average of those reported

by Hocaanadel et al. (1977), Parkes (1977), Anastasi et al. (1973),
Kan ef al. (1979), Sanhueza et al. (1979), and Sander and Watson
(1980). All the above determinations used ultraviolet absorption
techniques to monitor CH302 and hence measured k/., where « is

e absorption cross section for CH3O2 at the monitored wavelength,

T- nbtain a set of numbera that can be compared, the values of k
have been recalculated using the absorption cross sections measured

by Hochanadel et al. (1677). k(298K) is the average of these numbers.
The recommended temperature dependence is that measured by Sander and

Watson (1981c).

This reaction has three possible sets of products, i.e.,

- 2CH0 4 0, Ky
CH302 + CH302 . CHZO + CH30H.+ 02 Fb
80
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"FTIR studies by Kan et al. (1980) and Niki et al. (1981) are ;

- CH300CH3 + 0, ’ k _ . ' !

in reasonable agreement on branching ratios at 298K; kalk ~0.35,
kb/k -0.10. Because of the existence of multiple pathways,

the temperature dependence of k may be complex. Further work

13 required on both the temperature depesndence and the variation
of branching ratios with temperature,

The value of k(298K) is the average of those determined by Sander

and Watson (1980), Ravishankara et al. (1581), Cox and Tyndall

(1980), Plumb et al. (1981), and Simonaitis and Heicklen (1981).

Values lower by more than a factor of two have been reported by

Adachi and Basco (1979) and Simonaitis and Heicklen (1979). The

former direct study was probably in error because of interference

by CH3ONO formation. The results of Simonaitis and Heicklen (1979)

and Plumb et al. (1979) are assumed to be superseded by their more

recent values. Ravishankara gt al. (1981) and Simonaitis and Heicklen
(1981) have measured the temperatu,-e dependence of k over limited temperature
ranges. The recommended A factor and E/R were obtained by a least squares
analysis of the data from the two studies. The value of k(218K) obtainecd by
Simonaitis and Heicklen (1981) has been neglected; however, the

large error bounds allow the calculated value of k at 218K to

overlap that measured by Simonaitis and Heicklen. Ravishankara

et al. (1981) find that the reaction channel leading to NO,

accounts for ot leust 80% of the reaction. This result,

in conjunction with the indirect evidence obtained by Pate gt al.

(1974), coufirms that NO, formation is the major, if not the only,

reaction path.

The room temperature value is that of Cox and Tyndall (1979, 1980).
This study also reports a large negative E/R value over a temperature
range 274 to 338K, which is similar to that found for the H02 + H02

reaction by many groups (see note on Hoz + Hba). This measurement
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" vapor concentration, and temperature,

has been carried out only at 1 atmosphere pressure. The above results
are not inconsistent with the suggested value for the H02 + liOz
reaction, The rate coefficient needs independent verificatlion at

one atmosphere, and measurements as functions of pressure, water

The value of k(298) 1s an average of the rate constants reported

by Perry ef al. (1976b), Cox and Sheppard (1980), Wine et al. (1981a), :
Leu and Smith (1982a), and Michael et al. (1982). The value of E/R ?
is taken from a ccmposit~ unweighted least squares fit to the . |
individual data points fron these same five studies. The study by I
Leu and Smith (1982a) shows a slight parabolic temperature dependence
of k with a minimum occurring near room temperature. Within the error
lirits stated in tﬁis evaluation, all data are fit reasonably well
with an Arrhenius expression. The weight of evidence from the recent
measurements suggests that the earlier study by Westenberg and deHaas
(1973b) was in error (quite possibly due to secondary reactions).

The room temperature value of Stuhl (1974) lies just outside the 2
error limits set for k(298).

This recommendation accepts with broad uncertainties the work of
Leu and Smith (1981) who report rate constants between 300 and

5C0K approximately an order of magnitude lower than Ravishankara .
et al. (1980b), who had been thought to have minimized the compli~
cations due to secondary chemistry and/or excited state reactions
present in the studies of Atkinsdn et al. (1978) and Kurylo (1978).
The upper limit of k(298) reported by Cox and Sheppard (1980) is

too insensitive to bermit valid comparison with the newer results.
The Ravishankara et al. (1980b) data can be uzed to calculate an
E/R value of ~-2000K. The similarity betwecen this value and the

230K value of Leu and Smith (1981) suggests a temperature invariant
removal of OH in the Ravishankara expverimant possibly due to
impurities in the 0OCS. Product observations by Leu and Smith {1981)
tentatively confirm the suggestion of Kurylo and Laufer (1979) that
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: ;hé reaction produces predominantly HS + C0y. . Until these lower
' measurements are independently confirmed, the error limits on k(298)
and E/R will encompass the results of Ravishankara et al. (1980b).

125. This upper limit is based on the study by Wine et al. (1980a).
These authors dealt uith severe complications due to excited state
and secondary chemistry. The extremes in experimental variation -
which were necessary to minimize these effects indicate remaining
complications in the studies of Atkinson et al. (1978), Kurylo
(1978) and Cox and Sheppard (1980). The Cox and Sheppard (1980)
study in particular may have been affected by the reaction of electronically
excited CS2 (produced via the 350 nm photolysis) with 02 (in the 1
atmosphere synthetic air mix). The importance of this reaction in
the tropospheric photooxidation of C52 into OCE has been suggested
by Wine et al. (1980b). 1In addition, Ravishankara (1982) has observed
an acceleration of the OH + C82 reaction in the presence of 02,
thereby suggesting a reaction between 0, and an OH-CS, adduct.
The Wine et al. (198Ca) determination is consistent with an upper -
limit for the rate of production of OCS in the OH + CS, reaction
system reported by Iyer and Rowland (1980), suggesting that OCS and SH
are the primary reaction products. This mechanistic intarpretation
is further supported by the recent study of Leu and Smith (1982b), which

also sets an upper limit on k(298) somewhat higher than recommended here.

126. This recommendation is derived from an unweighted least squares
fit of the data of Singleton gt al. (1979) and Whytock et al. (1976).
The results of Slagle et al. (1978) show very good agreement for
E/R in the temperature region of overlap (300-500K) but lie systematically
higher at every temperature. The uncertainty factor at 298K has been
chosen to encompass the values of k(298K) Qetermined by Slagle et al.
(1978) and Hollinden et al. (1970). Other than the 263K data point
of Whytock gt al. (197<) and the ZSfK point of Slagle et al. (1978)
the main body of rate constant data below 298K come: from the atudy of
Hollinden et al. (1970), which indicates a dramatic change in E/R in
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this temperature region. Thus, E/R was set to account for these
observations. Such a non~linearity in the Arrhenius plot might indicate
a change in reaction mechanism from abstraction (as written) to addition.
An'addition channel has been proposed for this reaction by Slagle gt zl.
(1978) as well as by Singleton et al. (1979), and addition products

from this reaction have been seer in a matrix by Smardzewski and Lin
(1977). Further kinetic Study in the 200 to 300K range as well as
direct mechanistic information could clarify these issues. This
react;on is thought to be of limited stratospheric importance,

however.

The value for k (298 K) is the average of five different studies of
this reaction: Westenberg and de Haas (1969a), Klemm and Stief
(1974), Wei and Timmons (1975), Manning et al. (1976) and
Breckenridge and Miller (1972). The recommended value for E/R is

the average of those determined in the temperature studies reported
in the first three references. Hsu et al. (1979) report that

this reaction proceeds exclusively by a stripping mechanism.

The value of k (298 K) is the average of seven determinations: Wei
and Timmons (1975), Westenberg and de Haas (1969a), Slagle gt al.
(1974), Callear and Smith (1967), Callzar and Hedges (1670), Homann
et al. (1968), and Graham and Gutman (1977). The E/R value {is

an average of those determined by Wei and Timmons (1975) and Graham
and Gutman (1977). E/R has been set to encompass the limited
temperature data of Westenberg and de Haas (196%a). The principal
reaction products are thought to be CS + S0O. However, Hsu et al.
(1979) report that 1.4% of the reaction at 298K proceeds through the
2hannel yielding CO + 82 and calculate a rate constant for the
overall process in agreement with that recommended. Graham and Gutman
(1677) have found that 9.6% of the reaciion proceeds to yield OCS «+ &

at room temperature.
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This recommendation accepts the results of Cupitt and Glass (1975).
The large uncertainty reflects the fact that there is only one study
of the reaction;

This recommendation is based primarily on the study of Davis gt n;.

© (197¢). Modest agreement at 298K is provided by the studies of Fair

131.

132.

133.

134,

and Thrush (1969), Fair et al. (1971), Donovan and Little (1972)

. and Clyne and Townsend (1975). A more recent study by Clyne and

Whitefield (1979) indicates a slightly negative E/R between 300 and
400K. Their data are encompassed by the error limits of the present

reconmendation.

This recommendation accepts the only available experimental data by
Clyne and Townsend (1975). In the same study these authors report
a value for & + 02 in reasonable agreement with that recommended.

The error limit cited reflects both the agreement and the need for

independent confirmation.

This recommendation is based on the single study by Jourdain et al.
(1979)., Their measured value for k(298) compares favorably with
the recommended value of k(0 + OH) when one considers the slightly

greater exothermicity of the present reaction.

The value of %(298) is based on an exirapolation of the data of
Homann et al. (1968) obtained over the temperature range 580-1145K,
Their results are consistent with an E/R value of 3300K. Other high

‘temperature measurements of the reaction give widely varying

Arrhenius parameters (cf. Baulch et al. (1930)). The large
uncertainty in k(298) reflects the possible unreliability of this

extrapolation.,
The value of k(298) is an average of the determinations by Halstead

and Thrush (1966) and Robertshaw and Smith (1980) using widely
differing techniques, The value of E/R is from Halstead and
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Thrush (1966) with the A-factor calculated to fit the value

" recomnmended for k(298).

.The value recommended for k(298) is an average of the determinations
by Fair and Thrush (1969) .and Jourdain et al. (1979). Both sets

of data have been corrected using the present recommendation for the
0 + OH reaction. . . '

The value of k(298) 1s based on the recent measurement of Clyne
and MacRobert (1980), which agrees quite well with the rate constant
calculated from the relative rate measurements of Clyne et al.

(1966).

This recommendation i3 based on the single invcstigation by Clyne
and MacRobert (1981). Uncertainties for both the C10 and OClO
reactions reflect the absence of any confirming investigations.
In the Br0 reaction (performed in excess S0), the Br0 decay was
too rapid to permit quantitative analysis. The lower limit for
k(298) was therefore obtained from the measurement of SO,

production.

This upper limit is based on the atmospheric pressure study of

Graham et al. (1979). A more recent low pressure laser magnetic
resonance study by Burrows et al. (1979) places a slightly more

higher upper limit on k(298) of 4 x 10-17 (determined relative

to OH + Hzoz). Their limit is based on the assumption that the products
are OH + 503. The weight of both these studies seems to suggest an
error in the earlier determination by Payne‘gj al. (1973).

This recommendation accepts results from the study of Sander and .
Watson (1G681a), which is believed -to be the most appropriate study for'

stbatospheric mc .. 'ing purposes among those which have been

Iconducted. Their experiments were conducted using much lower CH302

. tadical concentrations then 1in the earlier studies of Sanhueza

86 .

e engrae

R



140,

et al. (1979) and Kan et al. (1979), both of which resulted in

k{298) values approximately 100 times larger. A more recent study by
Kan et al. (1981) postulates that these differences are due to -
reactive removal of the CH302802 adduct at high CH302 radical
concentrations, prior to itis reversible decomposition into Cﬂaoz + SO,_.
They suggest that suz2h behavior of CH302802 or its equilibrated
adduct with 0, (CH302502 02) vouid be expected in the studies
yielding high k values, while decomposition of CH302802 into
reactions would dominate in the Sander and Watson experiments. It
does not appear likely thé_t such secondary reactions involving CH302,
NO, or other radical species, if they occur, would be rapid enough
under normal stratosphere conditions to compete with the adduct

decomposition,

The basis of this recommendation is tue recent work of Tiee ef al.
{1981) employing laser induced fluorescence detection of HS. Their -
preliminary measurement 13 lover than the upper limit for this
rate constant estimated by Cupitt and Glass (1975) by nearly two orders
of magnitude.
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Table 2. Rate Constants for Three-Body Reactions

Low Prege'src Limit High Pre;agrc Limit
o

ko(T) = t3°7(1/300)70 ko(T) = k2°°(17300)""

Reaotion ' k300 n k300 a Notes
"0 +0, %0, (6.0%.5)(~38) 2.3%0.5 - - 1
o'y + m, ¥ w0 (3.5%3.0)(-37)  0.5%2, - - - 2
H e+ 0, ¥ Ho, (5.5%.5)(-32)  1.4%0.5 - - - 3
*on + o ¥ 1,0, (6.9%3.03(-31)  1.023:9  (1.0%0.5)(-11) 1.021.0 A
0 + o ¥ wo, (1.220.3)(-31)  1.8%0.5 (3.0%1.0)(-11) oh 5
0 + N0, ¥ wog (9.021.0)(=32)  2.0%1.0 (2.2%0.3)(-11) 01 6
*0H + N0 ¥ Hono (6.721.2)(=31)  2.531.0  (1.5%1.0)(~11)  0.5%0.5 1
OH + N0, ¥ HNO; (2.620.3)(=30)  2.9%0.7  (2.3%1.2)(-11)  1.3%1.3 8
*Ho, + N0, % Ho,NO, (2.3%0.2)(=31)  4.621.0 (4.2%1.0)(~12)  022.0 9
"0, + Nog % Ny (2.231.1)(-30)  2.8%1.0  (1.0%0.8)(-12)  0%¥1.0 10
c1 + no ¥ civo {9.022.0)(~32) 1.8%0.% - - - "
°Cl + NC, ¥ cione (1.5%0.6)(-30)  1.931.0  (1.020.5)(~10) 1.021.0 12
" cino, (3.131.2)(=31)  1.9%1.0  (1.020.5)(-10)  1.0%1.0 12
€2 + 0, % c100 (2.021,0)(-33)  1.3%1.3 - - - ) 13
*c10 « NO, % cl0M0, (4.522,3)(-32)  3.8%1.0 (1.5%0.7){-11)  1.9%1.9 14
¥ Isomer (1.3%0.2)(=31)  3.8231.0  (1.530.7)0(-11) 1.9%1.9 1®

. vy 125 -1
1+ {1 (k_(T) [M]/% (T)) 17}
) 0.6\ °810'%s

k (T) (]
U+ (O 7R (D

Nota: k(Z) = k(M,T) = (

The values quoted are suitable for air &3 the third body, M.

SChanged froam JPL 81-3.
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Table 2. (thtinﬁed).

Low Pres

5880 Li;;;: H._ High Progsgre Lilit

ko(T) = k30 (T/300)7%  Ku(T) = k3"U(T/300)"%

Reaction kgoo n: kéoo . n Notes
*c10 + N0, ¥ cloNo,(a) (1.8%0.3){-31) 3.!?1,BL' (1.520.7)(-11)  1.9%1.9 %
*8ro + N0, M Browo, (5.0%2.0)(-31) z.o#iégf};(l.oto.s)(-11) 1.021,0 15
F+0, %ro, (1.620.8)(-32) 2,540 - - - 16
*F + N0 ¥ FNo (B.724.4)(~32) 1.7ti.1.":_ - - - 17
*F + No, ' FNO, (1.1%0.6)(-30)  2.3%2.3 (1.9%0.5)(-10)  1.0%1.0 18
*F0 + NO, M Fono, (2.6%2.0)(-31)  1.3¥1.3  (2.0%1.0)(-11)  1.5%1.5 19
cliy + 0, L CH30, (2.221.1)(-31)  2.2%100  (2.021.0)(-12)  1.7%1.7 20
CH30, « NO, % cnjo0,N0, (1.5%0.8)(-30) n.otz;b_ (6.5%3.2)(-12)  2.022.0 21
oH + 50, " noso, (3.021.5)(-31) .

2.991.0. (2.0¥1.5)(-12) 010 22

Note: k(2) = k(M,T) = (

ko(T)[Ml
T+ D7

) 2,~-1
ul{églo(ko(T)[Hl/km(T))) }

The values quoted are suitable for air as the third body, M.

®Changed from JPL B1-3.

(a) This {3 an alternative recomaendation for the €10.+ NOZ + M reaction which assumes
that {somer formation is uniaportant. See notg;l#.
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- NOTES IQ TABLE 2

Low-pressure limit and T-dependence are an average of Klais,
Anderson, and Kurylo (1980a), and Lin and Leu (1982). The result
is in agreement with mwost earlier work (see references therein).

Low=-pressure limit from Kajimoto and Cvetanovic (1976). T-dependence
assuming constant B. Rate constant is extremely low in this special
‘system due to electronic curve crossing.

Kurylo (1972), Wong and Davis (1974) averaged. Both studies include
T-dependence; the recommended value is chosen with constant <AE>N -
.08 kecal mole'1. This very low number reflects rotational effects.

Zellner et al. (1982) report pressure and T-dependence in N, for
253 < T < 353. Their values are in rough agreement with those of
Kijewsky and Troe (1972), who report low=-pressure values in Ar for
950 < T < 1450. Trainor and von Rosenberg (1974) also -zport a
value.

Values of rate constants and temperature dependences from the
evaluations of Baulch et al. (1980). They suggest F, = 0.85%.1,
compared to our fixed value of 0.6. They also suggest m = -0.3.
These make very small differences over the range of stratospheric

conditions.

(In a supplementary review, Baulch et al. (1982) suggest a slight
temperature dependence for FC, which would cause their suggested
value to rise to F, = 0.89 at 200 K.)

Values of rate constants and temperature dependences from the
evaluations of Brulch gt al. (1980). They use F, = 0.8 to fit the
measured data at 298K, but our value of Fo = 0.6 gives a similar
result. - (In a supple.-_nentary review, Baulch gt al. (1982) suggest

!
1
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8.

9.

a slight temperature dependence for Fc, which would c#use their
suggested value to rise to F, = 0.85 at 200K.)

‘The low~pressurz limit rate constant. has been reported by Anderson

and Kaufman (1972), Stuhl and Niki (197 , Morley and Smith (1972),
Westenberg and de Haas (1972), Anderson gt al., (1974), Howard and -

- Evanson (1674), Harris and Wayne (1975), Atkinson et al. (1975),

Overend et al. (1976), and Anastasi and Smith (1978). The general
agreement i3 good, and the recommended value is a weighted average,
with heavy welghting to the work of Anastasi and Smith, The
reported high pressure limit rate constant is generally obtained
from extrapolation. The recommended value is a weighted average

of the reports in Anastasi -nd Smith (1978) and Anderson gt al.
(i974).

Low-pressure limit from Anderson et al. (1974), who report n = 2.5

(240 < T/K < 450); Howard and Evenson (1974); Anastasi and Smith

(1976), who report n = 2.6 (220 < T/K < 550) and Wine gt zl. (1979)

who asupport these values over the range (247 < T/K < 252), The recommended
value of n = 2,9 comes from <AE>N2 =0.31 kecal nole~1. The hign-

pressure limil a~d T-dependence come from RRKM model of Smith and Golden
(1978), although tho error limits have been expanded to encompass

m = 0.

Robertshaw and Smith (1982) have measured k up to 8.6 atmospheres of

CFu. Their work suggests that ko might be higher than suggested

here (-50%). This might alsé be due to other causes (i.e., isomer
formation or involwement of excited electronic states). The recommendation

herein fits all data over the range of atﬁospherie interest.

Low-pressure limit from Howard (1977) and Sande: and Peterson
.(_1982). The latter work includes a compiéte study of pressure and
temperature dependence, and all other parameters are froﬁ this
study. The previous values from Baldwir and Golden (1978), who used
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11.

12.

RRKM theory and data on the reverse reaction froam Graham, Winer, and

Pitts (1977), differ slightly in the value and the temperature
"dependence of k,. The absenoce of negative temperature dependence

for k ylelds an equilibrium constant that, in turn, yields values
of S°(HO,NO,) -76 cal mole™! deg™! and AHL(HO,NO,) = =12.7 koal
mole", This compares to Baldwin and Golden's values of s°298 ®
T1.6, or AHp 598 = =14.1 koal/mole™'. This value of T1.6 e.u.
should be a fairly conservative upper limit, and suggests that some
negatide T-dependence may be required to fit all the data. The
discrepancy in the high-pressure limiting rate constants has a

small effect at stratospheric pressures,

Other studies by Simonaitis and Heioklen (1978) and Cox and Patrick

(1979) are in reasonable iugrcement with the recommendations.

Data on the reverse reaction from Connell and Johnston (1979) and
Viggliano gt al. (1981). A very thorough analysis of this data by

Malko and Troe (1982) conoludes that the data is best fit with k300 =

3.7 x 10'30, n = 4.1, K“3°0 z 1.6 x 10'12, m = -0.2, and F, = exp(~-T/250) +

exp(~1050/T), F,

data just as well.

= .33 at 300K. The values recommended here fit the

Low-pressure limit from Lee gt al., (1978a), Clark et al. (1966),
Ashmore and Svencer (1959), and Ravishankara gt al. (1978).
Temperature dependence from Lee at al. (1978a) and Clark gt al.

(1968).

Low-pressurc limit and T-dependence from Ravishankara et al. (1978),
Ravishankara (1982), and Chang et al. (1979). The latter paper
shows why Niki ¢t al. (1978) saw two products with ClONO dominating

(see Note tl4). |3 = 0.41 was arrived at by dividing the sum of kgo fOF

both paths into measured rate constant for overall reaction of
Cl «+ NOP. High-pressurc limit and temperature dependence are fixed

to match measurement at 200 torr.
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o

Stedman et al. (1968) and Nicholas and Norrish (1968) measured this
process in Ar., Reoommended value based on k(Nz)/k(Ar) = 1.8,
T-dependence from constant <AE>,

The available kinetics data for this reaction fall into two sets,
which are in substantial disagreement. Several independent low-
pressure determinations (Zahniser gt al., 1977; Birks g% al., 1977;
Leu gt al., 1977; Lee 31-51., 1982) of the rate of Cl0 disappearance
via the Cl0 + NO2 + M reaction are in excellent agreement and give

6 s=1, No produot

an average k (300) near 1.8 x 10-3' om
identification was carried out, and {t was assumed that the reaction
gave chlorine nitrate, C10N02. In contrast, direct measurements

of the rate of thermal decomposition of ClON02 (Knauth, 1978;
Schonle gt al., 1979), combined with the equilibrium constant, give
ko(300) = 4.5 x 10732 cab s~ for the three-body reaction forming
C!ONOQ. Since the measured rate of Cl0 disaprnearance seems well
astablished by four groups, the Knauth results can be reconoiled
with the higher number by three differont explanations: (1) the
measured thermal decomposition rate is incorrect; (2) the
equilibrium constant is in error by a factor of three (requiring
that the AHr's are off by -1 kcal/mole, which, while small, is
outside the stated error limits); (3) all the data are correct, and

the low-pressure ClC disappecarance studies measured not only a

reaction forming ClONOz, but another channel forming an isomer,
such as 0C1N02, ClOONO, or OClONO (Chang b al., 1979; Molina et al.,
1980a).

When the isbmer-formlng reaction is {ncluded in models, the fate of
the {somer must also be stated. Whilae rapid photolyais '

back to Cl0 + NO2 seems most ressonable, an isomer of the

form Cl100ONO could, in fact, dissociate to Cl100 + NO, and thus
enhance catalytic desatruction of ozone. The entire matter will
remain speculative and unsettled until there is cqncluslve evidence

for or against isomer formation.
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16.

“17.

18,

Both of the above possibilities are Eepreaented by the tuo.sets of
reconmendations., The first set, which takes into account possible
isomer formation, used the Knau;h raie constant for ClONOa formation
and assigns the difference between this value and the rate constant
for Cl0 disappearance to the other pathway. Temperature dependence
is estimated from the value of <AE>; as explained in the text.

The second set uses the éverase value for total Cl0 disappearance,
treating the process as if only CIONOZ is formed. The temperature
dependence comes from assuming that <\E> is constant.

The high-pressure limit rate constants and their temperature
dependence are from the model of Smith and Golden (1979).

Either set of the rate constants above fit measured rate data for
the disappearance of reactants (Cox and Lewis, 1979; Dasch et al.,

1981). Data from Zellner (1982) indicate an approximately 50%
lower k..

Data at 300K are from Sander gt al. (1981). They suggest ko =
(5.0%1.0)(=31) k. = (2.¢23:2)(-11) and F_ = 0.42]-1.. Tne

temperature dependences are simple estimates.

Low-pressure limit and temperature dependence from Baulch gi al.
(1982), who averaged the results of Zetzsch (1973), Arutyunov gt
ak. (1976), Chen et al. (1977), and Shamonima and Ketov (1979).

Parameters estimated from strong collision calculations with <\E>
set at .52 kcal/mole™!, yielding 3 = .33 at 300K and B = .43
at 200K. T-dependence as per text.

Low=pressure limit rate constant from strong collision calculation
and # = 0.33." T-dependence from constant <.E> = 0.52 kcal mole™ 1.
High-pressure 1imit and T-dependence are estimated by analogy to
Cl1 + NO,.
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20.

21.
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Caveat: The formation of FONO might be the more inmportant path (see
Cl + NOZ).

Low-pressure limit from strong collision calculation and g8.= 0.33.
Tédependence from constant AE> = ,52 kecal mole~1, High=-pressure
limit and T-dependence estimated.

Caveat: There could oe multiple channels here, which would mean that

the reaction between FO and NO2 could be much faster.

Low-pressure limit from extrapolation of data of Washida and Bayes
(1976), Basco et al. (1972), and Parkes (1977). [The extrapolation
techniques were poor, but this (being the only reaction of methyl
radicals) is not a very sensitive reaction.] Lou—preésure limit
T-dependence as per text. High-pressure limit from van den Bergh
and Callear (1971), and Hochanadel at al. (1977). [Data of Basco
et al. (1972), Washida and Bayes (1976), Laufer and Bass (1975),
Washida (1980), are also considered.] High-pressure limit T~

dependence estimated.

Parameters from a reasonable fit to the tcmperature and pressure-
dependent data in Sander and Watson (1980) and Ravishankara gt al.
(1980), using equation (1).

The former reference reports their room-temperature data in the same
form as herein, but they allow Fc to vary. They report:

ko = 2.33 x 10730, ik, =8x 10712, F,=o0.4
which is not a qualitatively different fit to the data at 300K.
The later reference reports temperature dependence as:
ko = 2.2 x 10739(1/300)72+3, K, = 7 x 10713(1/300)3+3, F, = 0.4
These parameters are a better fit at all temperatures than those
recommer,ded here. We do not adopt them since they are not much
better in the stratospheric range, and they would require both a

change in our Fc = 0.6 format, and the adoption of a quite large
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22,

negative activation energy for k. .

The most recent CODATA recommendations (Baulch et al., 1982) are:

k, = 2.3 x 10730(17300)7%, Kk_= 8 x 1012 ana
Fo = €1/32 4 ¢=1280/T |« F_ =" .41 at 300K and .54 at 200K.
These values do not fit the data as well as the current recommendations.
It is interesting to note that the data require a negative T-dependence
for k, unlike HO, + NO,, and that the value of B at 300K is ~.2.

Values of rate constants and temperature dependenc 13 from Baulch

et al. (1980). They suggest a value of F, = 0.7. In a supplementary
review, Baulch et al. (1982) suggest tht Fc = 0.55 at 300K and is
temperature dependent, such that Fe = 0.67 at 200K, and they raise
Kv3°° to 2.5 x 10"13 to accommodate tlis change. The computed rate
constants are essentially the same cver stratospheric conditions as

when using Fc = 0.6 as recommended herein.
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EQUILIBRIUM CONSTANTS

Eormat

Some of ;he three-body reactions in Table 2 form products which are
thermally unstable at atmospheric temperatures. In such cases the thermal
decompositicon reaétion may compete with other loss proéessea, such as
photodissociation or radical attack. Table 3 lists the equilibrium
constants, K(T), for six reactions which may fall into this category. The
table has three column entries, the first two being the parameters A and B

which can be used to express K(T):
K(T)/cm3 molecule™! = A exp(B/T) (200 < T < 300K)

The third column entry in Table 3 is the calculated value of K at 300K.
The data sources for K(T) are described in the {ndividual notes to
Table 3. When values of the heats of formation and entropies of all

species are known at the temperature T, we note that:

asy AHS
log [K(T)/cn3 molecule™1] = 5.303k ~ 7.303rt t 108 T - 21.87

where the superscript "o" refers ﬂo a standard state of one atmosphere.
In scme.casés K values were calculated from this equation, using
thermochemical data. In other cases the K values were calculated directly
from kinetic data for the forward and reverse rgactions. When available,
JANAF.vélues were used for the equilibrium constants. The.following

equatijions were then used to calculate the paraheters A and B:
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K200 300 - 200

B/°K = 2.303 log =
Kygo 300 - 200
log A = log X(T) - B/2.303 T
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Table 3. Equilibrium Constants

"Reaction A/cm3 molecule™! B/°K log K(300) Note
HO, + NO, - HO,NO, 2.33 x 10717 10, 870 ~10.90 1
NO, + NO3 - N,05 1.77 x 10~<7 11, 061 -10.83 2
Cl + 0, » C100 2.43 x 107%° 2, 979 -20.30 3
€10 + 0, + C10°0, <1.3 x 10726 <5, 230 <~16.30 4
F + 0, > FOO 5.32 x 10727 7, 600 -13.27 5a
1.15x 10723 3, 582 -19.75 5b
R -28
CH30, + NO, > CH30,NO, 1.30 x 10 11, 192 -11.68 6
K/cm3 molecule™! = A exp(B/T) [200 < T/K < 300]
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MOTES I0Q IABLE 3

The value was obtained by combining the data of Sander and Peterson
(1982) for the rate constant of the reaction as written and that of
Graham et al. (1977) for the reverse reaction.

The parameters A and B were calculated from JANAF equilibrium constants
at 200 and 300 K.

Cox et al. (1979) measured K at 298 K. Their reported value of K,
(5.4%2.6) x 10~21 cp3 molecule", when combined with JANAF values
for the entropy change, gives AHp(298)(C10,) = 22.5 keal/mole™'.
This is in excellent agreement with Ashford et al. (1978), who suggest
AHE(298)(CL0,) = 22.5%.5 keal/mole™!. The expression of Cox ei al.
is:

K = 3.71 x 10728 1 exp(3217/1).

From the equilibrium constant, it may be inferred that the thermal
decomposition of H02N02 is unimportant in the stratosphere, but is

important in the troposphere.

Zellner (1982) suggests K < 12 atm™! and AH 2 - 11 kcal/mole. The
corresponding value of A leads to S°300(C10'02) -73 cal mole~! k-1.

A higher value of K has been proposed by Prasad (1980), but it
requires S°(C10°0,) to be about 83 cal mole™! k™!, which seems
unreasonably high. Carter and Andrews (1981) found no experimental
evidence for 010'02.

(a) From JANAF thermochemical values.
(b) From Benson's (1976) thermochemical values.

Thermochemical values at 300 K for CH302NOé'and CH302.are from
Baldwin (1982). In the absence of data, AH® and ASC® were assumed
to be independent.of tehperature. Bahta gﬁ al. (1982) have measured
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"k(dissociation) at 263 K. Using the values of k(recombination) suggested
in this evaluation, they compute K(263) = (2.68%0.26) x 10~10 cm3.
Our values predict 3.94 x 10'10 cm3, in good agreement.
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PHOTOCHEMICAL DATA

In Table 4 we present a 1list of photochemicalzreactions considered
to be of stratospheric interest. ITn cases where the date presentation is
very complex, or where the reaction is of lesser importance, only a
reference to a data source is given. For example, discussions of the
absorption cross sectlons of 0, and 03, which largely determine the extent
of penctration of solar radlation into the stratosphere and tropoaphere,
are found in Hudson and Kieffer (1975), NASA RP 1049 and WMC Report #11.
The photodissociétion of NO in the 0, Schumann~Runge band spectral range
is another important process requiring special treatment (see Frederick
and Hudson (1979) and WMO Report #11). Some references are given on the
PhOtOChGMi$th of SC, and CS,, but the data are not discussed here. These
molecules have highly structured spectra with photodissociation quantum
yields which are not simple functions of the wavelength. Other species,
such as CH2O and NOo, also have complicated spectra, but in view of their
importance for atmospheric chemistry the data are summarized in the

evaluation; for more detailed information on their high-resolution spectra

. and temperature dependence, the reader is referred to the original

literature,

Table 5 gives recommended reliability factors for some of tﬁe more
important photochemical reactions. These factors represent the combined
uncértainty in cross sections and quantum yiglds, taking into
consideration the atmospherically important wavelength regions, ané they
refer to total dissociation rate regardless of product identity (exceot in

the case of 0('D) production from photolysis of 03)-- 



‘The absorption cross sections are défined by tke fcllowing
expression pr Beer's Law:
I = I exp(-onl),

I are the incident and transmitted light intensity,
2 1

where: Io’

respectively, O is the absorption-cross section in cm“ moleciie™’', nis
the concentraticn in molecule cm'3, and 1 is the pathlength in cm. The
cross sections are room temperature values, and the expected

phptodissociation quantum yields are unity, unless otherwise stated.
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Table 4. Photochamical 'Reactions of Stratospheric Interest

0, + hy + 0+ 0 (1) C1ONO + hv -+ products ;
O3 +hy +» 0y +0 (1) C1O0NO, + hy » products !
03 + by + 0y + 0('D) CCl, + hv - products ?
aoa_ + hv -+ products CCl3F + hv -+ products i
Hzo +hy » H+ OH (1) CClez + hv + products ;
H,05 + by > OH + OH CHC1F, + hv + products !
NO+hy > N+0O (2) CH301 + hv + products

N02 + hy > NO + O CClZO + v * products

NO3 + v » products CC1FO + hv -+ products

NAO + v » Ny + 0(1D) CF,0 + hv ~ products

N205 + v » products CH3CCI3 + hv + products

NH3 + > NHy, + H (1) BrONO, + hv ~ products

HN02 + hv » OH + NO

HF + hv > H + F

HNO3 + hv > OH + H02 CO+hv~+C+20 (1)
HNO, + hv - products CO, + hy » CO + O (1)
Cl, + hy » Cl + Cl CHy + hv ~ products (3)
Cl0 + hy -+ C1 + 0 CH20 + hv - products

Cl100 + hv -+ products CH300H + hv + products

0C10 + hv +» 0 + Cl10 RCN + hv + products

0103 + hv + products CH3CN + hv > products

HCl + hv - H + C1 80, + hv » S0+ 0

HOCl + hv -~ OH + Cl HyS + hv > HS + H (3)

C1NO + hv = C1 + NO
Cll\‘O2 + hv -+ products

COS + hv » CO + &

CS?_ + hv »+ products

(1) Hudson and Kieffer (1975)
(2) Frederick and Hudson (1979)
(3) Turco (1975)
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Table 5.

Quantum Yields

Specj_.ea Uncertairty
0, (Schumann-Runge bands) 1.4
0, (Continua) 1.25
03 1.15
o, o('p) 1.4
Nba 1.25-
N03 2.0
N,O 1.2
N,0g 2.0
Hy04 1.4
HN03 1.25
HO,NO, 2.0
CH,0 1.4
nCl 1.15
HOC] 1.4
C10N02 1.25
CClu 1.1
CC13F 1.1
CC12F2 1.15
CH3C1 1.1
CF20 2.0
CH300H 1.4
Br0N02 1.4

Combined Uncertainties for Cross Sections

ey

and
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03+ > 0('D) + 0,
The quantum yields for o('p) production, 0(01D). for wavelengths

near 310 nm--i.e,, the energetic threshold or fall-of_r region--have been

'measuréd mostly relative to quantum ylelds for wavelengths shorter than

300 nm, .which were assumed to be unity. There are now several studies
which 1ndioa£e that this assumption is not correct: Fairchild atf al.
(1978) observed approximately 108 of the primary photolysis products in
the ground atate channel, that is, ¢(03p) = 0.1, at 274 nm; Sparks gt
al. (1980) also report o(03p) - 0.1, at 266 nm; according to Brock and
Watson (1980b) @(010) = 0.88 at 266 nm; and Amimoto et agl. (1980)
report NO‘D) = 0.85 at 248 nm. There are also some indications
that (01D) decreases slightly between 304 and 275 nm (see Brock and
Watson, 1980 a, b).

The earlier recommendation for the quantum yields in the fall-off
region was to employ the mathematical expression given by Moortgat and
Kudzus (1978), which gives relative values in gooa agreement with those
reported by Brock and Watson (1980a). Our present recommendation, shown
in Table 5, merely scales down these values by a factor of 0.9 tco account

for the absolute magnitude of @(01D) at short wavelengths,
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Table 6. Mathematical Expression for 0(1D) Quantum Yields, ¢, in the

Photolyuis of 03

(A, T) = A1) arctan[B(1)(x=1,(1))] + C(1)
Vihere: T = T - 230 is a temperature function with T given in Kelvin,

A is expressed in nm, and arctan in radians,

The coefficients A(T), B(1), XO(T) and C(T) are expressed as

interpolation polynomials of the third order:

A(T) = 0.332 + 2.565 x 1079 + 1.152 x 10~5; 2 + 2.313 x 10~8; 3
B(1) = =0.575 + 5.59 x 10737 ~1.439 « 10~ ;2 - 3.27 x 1078 ;3
Ao(1) - 308.20 + H.4BT1 x 10727 +6.9380 x 107 ;2 - 2.5452 x 1076 ;3

C(1) = 0.466 + 8.883 x 10~%1 -3.546 x 1075 2 + 3.519 x 1077 3,

In the limits where $()\,T) > 0.9, the quantum yields is set ¢ = 0.9. and

similarly for ¢(A,T) < 0, the quantum yield is set ¢ =0.

C o demman g
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HO, + hv >~ OH + O

The absorption cross sections of the hydroperokyl radical, HO,, in
the 200-250 nm region have been measured at room temperature by Paukert
and Johnston (1972), Hochanadel et al. (1972) and Cox Burrows (1979).

Hochanadel et al. (1980) give a cross section value of 4.0%0.5 x 10'18 cm?

e gy e = v

at 205 nm, and Sander et al. (1982) a value of 3.0%0.4 x 10~18 cm? at

227.5 nm.

The shape of the spectrum reported by the first three groups cited i
above is in reasonable agreement. The recommended ébsorption cross :
sections, listed in Table 7, are computed frcm the mean of the three after
nornalization of each spectrum to the value at 227.5 nm reported by Sander
et al. (1982). This latter study gives the most direct measurement of an
absolute cross section value for HO,.

Table 7. Absorption Cross Sections of HO2

| Mnm) 1020 (cp?)
190 430
200 480
210 ' 490
220 400 i
230 260
240 ' 120 ' ' ;
250 ' . 50
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The recommended absorption cross section values, listed in Table 8,
are the mean of the data of Lin et al. (1978b) and of Molina and Molina

(1980). This latter work supersedes the earlier results of Molina gt al.

(1977a).
Table 8. Absorption Cross Sections of H,0, Vapor

A 10200 A 10200
| (nm) (en?) (nm) _(on®)
190 67.2 270 3.2
195 56.3 275 2,5
200 47.5 280 2.0
205 39.8 285 1.5
210 34.9 290 1.13
215 29.9 295 0.87
220 25.4 300 0.66
225 21.3 305 0.49
230 17.9 310 0.37
235 14.8 315 0.28
240 12.2 320 0.20
245 10.0 325 0.15
250 8.3 330 0.12
255 6.7 335 0.09
260 5.2 340 0.07
265 4,2 345 0.05
350 0.03
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NO, + v > NO + O

Table 9 lists the recommended absorption cross sections of nitrogen
dioxide, taken from the work of Bass gt al. (1976), who report extinction
coefficients every 1/8 nm between 185 and 410 nm at 298 K, and between 290
and 400 nm at 235 K. The effect of the dimer (Nzo“) absofption was
coﬁsidered in detail, and the measurements are probably correct to within
*10%.

Harker et al. (1977) have reported measurements of absorption cross
sections and quantum yields in the 375-420 nm region. Their cross
sections are 4-10% larger *than the values reported by Bass et al. (1976),
and their quantum yields are, on the average, about 15% smaller than those
measured by Jones and Bayes (1973), whose data provided the basis for
earlier recommendations. Recent measurements of the quantum yields by
Davenport (1978) at six different wavelengths agree very well with those of
Harker et al. The recommended values for the quantum yields, presented in
Table 9, are those of Harker gf 31. (1977). Davenport's results indicate
that the quantum yields themselves are temperature dependent, although the
effect of temperature on the cross sections is more pronounced.

For quantum yields in the 295-365 nm region the reccmmendation is to
use the expression given by Jones and Bayes (1973), listed at ﬁne bottom
of Table 10. More accurate values should be established in this
wavelength region, although their contribution to the overall atmospherié
photodissociation rate is not of major importance. Direct measurements of
the solar photodissoci&tion rate in the troposphere (Stedman et al., 1975;
Dickerson and Stedman, 1980) indicate that the present data base is

adequate for atmospheric modeling purposes.
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NO, Absorption Cross Sections at 235 and 298 K

S

Table 9.
: i

A 10205 (en?) A 10205 (ca?)
(nm) 235 K 298 K (nm) 235 K 298 K
185 25.0 300 10.9 1.7
190 29.3 305 16.7 16.6
195 24.2 310 18.3 17.6
200 25.0 315 21.9 22.5
205 37.5 320 23.5 25.4
216 38.5 325 25.4 27.9
215 40.2 330 29.1 29.9
220 39.6 335 31.4 34.5
225 32.4 349 32.3 38.8
230 24.3 345 34.3 40.7
235 14.8 350 31.1 41.0
240 6.70 355 43.7 51.3
245 4.35 360 39.0 45.1
250 2.83 365 53.7 57.8
255 1.45 370 48,7 54.2
260 1.9 375 50.0 53.5
265 2.05 380 59.3 59.9
270 3.13 385 57.9 59.4
275 5.02 390 54.9 60.0
280 5.54 395 56.2 58.9
285 6.99 400 66.6 67.6
290 6.77 8.18 405 59.6 63.2
295 8.52 9.67 410 53.2 | 57T.7
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Table 10.  Quantum Yields for NO, Photolysis ',
A, nm K A, nm ¢ A, nm ¢ :
375 0.73 389 0.74 400 0.65 :
376 0.75 3% 0.74 401 0.62
377 0.86 391 0.81 no2 0.57
378 0.74 392 0.73 403 0.50 5
379 0.83 393 0.78 uo4 0.40 3
380 0.81 39% 0.83 405 0.32 '
381 0.73 394.5  0.78 106 0.30 i
382 0.65 395 0.81 407 0.23 :
383 0.62 395.5 0.75 %08 0.18
384 0.66 396 0.78 409 0.17
385 0.70 39.5 0.81 410 0.14
386 R4 397 0.77 1 0.10
387 0.69 398 0.72 115 0.067
388 0.76 399 0.70 420 0.023

295-365 mm:

¢(\) - 1.0-0.0008 (A -275)

12



NOg + hv > NO + 0, (b,)
> NO, + 0 (05)

The absorption cross sections of the itrate free radical, N03, have
been studied by (1) Johnston and Graham (1974); (2) Graham and Johnston
(1978); (3) Mitchell gk al. (1980); and (4) Marinelli et al. (1982). The
1st ard 4th studies required calculation of the NO3 concentration by
modelling a complex kinetic system. The 2nd and 3rd studies are the most
direct ones and the results in terms of integrated absorption coefficients
are in very good agreement; the discrepancies in peak heights can be
attributed to the difference in instrumental resolution, which was higher
in the 2nd study. The recommended absorption cross sections, listed in
Tabie 10 for every 2 nm, are taken from this latter study (Graham and
Johnston, 1978); which reports values every nm.

The 4th study was designed to characterize under high resolution the
strong absorption band around 662 nm; for spectroscopic measurements ot
NO3 in the atmosphere the preferred cross sections are those repqrted in
this 4th study, which have been scaled to yield the same integrated
absorption coefficiert as in the 2nd and 3rd studies.

The quantum y_ields ¢’1 and ¢’2 have been measured by CGraham and
Johnston (1978) and under higher resolution by Magnotta and Johnston
(1980), who report the product of the cross section times the quantum
yield in the 400 to 630 nm range. The total quantum yield value ‘4‘-1 + d>2
computed from the results of this latter study ara tne cross sections of
Graham and Johnston (1380), listed in Table 11, afe above unity for A <610

nn, which is, of course, impossible; hence, there is some systematic error

and it is most likely in the primary quantum yield measurements. Magnotta .
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and Johnston (1980) and Marinell; et _ai. (1982) have discussed:the
probable sources of this.er.ror, but the question remains to be resolved
and'turther studies are in orde-, At present, the recommendation remains
unchanged from our previous one, namely, to use the following
photodissociation rates estimated by Magnotta and Johnston (1980) for
overhead sun at the earth's surface:

J,(N0 + 0,) = 0.022 57

Jz(NOz +* 0) = 0018 5-10
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Table li. Absorption Cross Sections of NO,

A 10200 A 10200 A 10200 A 102%
(om)  (cm?) (nm) (cm?) _(nm) ____ (cm?) (nm) (em2)
%00 0 476 64 552 216 628 689
402 1 478 66 554 245 - 630 641
404 2 480 64 556 295 632 327
4o6 3 482 63 558 317 634 132
408 3 484 62 560 323 636 123
410 6 486 T4 562 268 638 176
412 3 488 80 564 248 640 98
414 7T 490 93 566 258 642 68
416 3 492 89 568 257 644 T
418 6 49y 88 570 253 6146 56
420 9 496 104 572 248 648 48
422 8 498 108 574 255 650 32
42U 12 500 98 576 292 652 39
426 9 502 91 578 303 654 57
428 12 504 105 580 299 656 89
430 12 506 119 582 310 658 168
432 14 508 106 584 247 660 512
434 17 510 130 586 275 662 1708
436 21 512 161 588 548 664 1154
438 18 514 141 590 567 6€6 486
3¢ 19 516 140 592 483 £68 175
442 20 518 121 594 392 670 75
T 21 520 144 59 416 672 57
446 23 522 172 598 354 674 36
448 28 524 150 600 245 676 31
450 27 526 137 602 284 678 55
452 31 528 179 604 400 680 59 _
454 34 530 209 606 338 682 25
456 32 532 181 608 159 684 9
458 37 534 177 610 135 686 3
460 39 536 232 612 169 - 688 4
462 35 538 211 614 224 690 1
464 41 540 181 616 174 692 0
466 - 45 542 168 618 183 694 1
468 50 sS4y 139 620 247 69 4
4§70 49 546 204 622 761 698 4
y72 54 548 275 62% 1166

c IS
550 224 626 700 95 “.".‘.E‘,‘;‘k :.A.Ef ITY

(%4
(=]
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N0 + v + Ny + o('r)

The recommended values are taken from the work of Selwﬁn et al.
(1977), who measured the témperature dependence of the absorption cross
sections in the atmospherically relevant wavelength region. They have
fitted their data with the expression shown in Table 12. Hubrich and
Stuhl (1980) have recently measured the N,0 crcss sections at 298K and
208K, and their results are in very good agreement with those of Selwyn et
al.

Table 12. Mathematical .Expression for Absorption Cross
Sections of NZO as a Function of Temperature

1n 0(A,T) = A + Apd + A2 & 423 &t

+ (T-300)exp(B; + By + B3h? + By)3)

Where: T: temperature, Kelvin A nm
Ay = 68.21023 B, = 123.4014
A, = -4.071805 B, = -2.116255
Ay = 4.301146 x 1072 By = 1.111572 x 1072
-4

Ay = -1.777846 x 10 -1.881058 x 10~

o2}
=
]

As = 2.520672 x 1077

Range: 173 to 240 nm; 194 to 320 K
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The absorption cross sections of difxitrogen pentoxide, "205' héve
" been m.eaau'red at room teméérature by Jones and Wulf (1937) between 285 and
380 nm, by Johnston and éraham (1974) between 210 and 290 nm, Ey Graham
(1979) between 205 and 330 nm; and t‘dr temperaﬁures in the 223 to 300 K
range by Yao gt al. (1982), .betueen 200 and 380 nm. The agreement is gooca
particularly considering the difficulties in handling N205. The
recommended cross section values, listed in Table 13, are taken from Yao
et al. (1982); for wavelengths shorter than 280 mﬁ there is little or no
temperature dependence, and between 285 and 380 nm the temperature effect
is best computed with the expression listed at the bottom of Table 13.

The primary quantum yield for photodissociation appears to be unity

et

and the primary products appear to be 2NO2 + 0 (Connell, 1979; Magnotta, '

19’9) L

Table 13. Absorption Cross Sections of N205

ACnm) 102%0(cn?) ACnm) 10206(cn?)
200 920 245 52
205 820 250 - 40
210 560 255 32
215 370 260 26
220 220 265 20
225 ST 270 16.1
230 99 218 13.0
235 mo 280 11.7
240 62 -

For 285 m_)k > 380 nm; 300K > T > 225 K:
-~ 10%% = exp[2.735 + (4728.5 - 17.127 2 )/T]) _
Where o/cm?; A/mm; T/K. . !

G i e et e
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HONO + hv > HO + NO
_ The ultraviolet spectrum of HONO between 300 and 1409 nm has been

studied by Stockwell and Calvert (1978) by examination of its equilibrium
mixtures with NO, NO,, H,D, _“203 and N,0y; the possible interrerences by

these compounds were taken into account. The recommended croass sections,
taken from this work, are listed in Table 14.

Table 14. HONO Absorption Cross Sections

A 10205 A 1020, A 10205
{_(nm) (em?) (nm) _ (cm?) (nm) Cem?)
310 0.0 339 16.3 368 45.0
311 0.0 340 10.5 369 29.3
312 0.2 341 8.70 370 11.9
313 0.42 342 33.5 371 9.46
314 0.46 343 20.1 372 8.85
315 0.42 344 10.2 373 T.44
316 0.3 345 8.54 374 4,77
317 0.u46 346 8.32 375 2.7 -
318 3.6 347 8.20 376 1.9
319 6.10 348 7.49 377 1.5
320 2.1 349 7.13 378 1.9
321 y.27 350 6.83 379 5.8
322 4.01 351 17.4 380 7.78
323 3.93 352 11.4 381 1.4
324 4.01 353 37.1 382 14,0
325 §.04 354 49.6 383 1T7.2
326 3.13 355 24.6 384 19.9
327 4,12 356 11.9 385 19.0
328 7.55 357 9.35 386 11.9
329 6.64 358 7.78 387 5.65
330 7.29 359 7.29 388 3.2
331 ~ 8.70 360 6.83 389 1.9
332 13.8 361 6.90 390 1.2
333 5.91 362 7.32 391 0.5
334 5.01 363 9.00 392 0.0
335 6.45 364 12.1 393 0.0
336 5.91 365 13.3 394 0.0
337 4.58 366 21.3 395 0.0
338 19.1 367 35.2 39 0.9

bl - -
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The recommended absorption cross sectiﬁna, listed in Table i5. are
@aken from the work of Molina and quina (1980). These data are in éood
agreement throughout the {90-330 nm range with the values repofted by
Biaume (1973). They are also in very good agreement with the data of
Johnston and Graham (1973) except fowards both ends of the uaveléngth
range. Olabe (1980) has meadasured the cross sections in the 110-190 nm
range; his results are 20-30% lower than those of Biaume ana of Johnston
and Graham around i85-190 nm. |

The temperature dependence of these cross sections has not been
measured yet; it might be significant in the 300 nm region and hence for

estimates of the atmospheric photodissociation rate.

Table 15. Absorption Cross Sections of HNO3 Vapor

A 1026, A 1029,
(nm) (cn?) () (ex®y
190 1560 260 1.88
195 1150 265 1.71
200 661 270 1.59
205 293 275 1.35
210 105 280 1.10
215 35.6 285 0.848
220 15.1 200 0.607
225 8.62 295 0.409
230 . 5.65 300 0.2m
235 3.72 305 0.146
240 2.57 310- 0.071
245 2.10 315 - 0.032
250 1.9 3200 0.012
255 1.90 325. ' 0.005

330 - 0.002
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HOoNO, + v + products _ ' o ;
There are four studieg of the UV spectrum of HOéNOZ vapor: Cox and .

Patrick (1979), Morel et al, (1980), Graham et al. (1978b) and Moiina and

Molina (1980). The latter two studies are the only ones covering the gas

phase spéctrum in the critical wavelength range for atmospheric

photodissdciation, that is, waveleagths longer than 290 nm. The

recomnendedlvalues, listed in Table 16 are taken from the work of Molina

and Molina (1980), which is the more direct study. The temperature

dependence of the cross sections at these longer wavelengths and the

identity of the photodissociation products remain to be determined.

Table 16. Absorption Cross Sections of HO,NO, Vapor
A 1020 A 102%
(nm) (cm?) (nm) (en?)
190 1Gi10 260 27.8
195 816 265 22.4
200 563 270 . 17.8
205 367 275 15.4
210 241 280 9.3
215 164 285 6.3
220 120 290 .0
225 95.2 295 2.6
230 80.8 300 1.6
235 69.8 305 1.1
240 59.1 310 0.7
245 49.7 315 0.4
250 4.8 320 0.3
255 35.1 325 0.2
330 0.1




Cl, + hv > Cl + C1

The absorption cross sections of Cl,, listed in Table 17, are taken

from the work of Seer'y and Britton (1964).

These results are in good

agreement with those reported by Gibson and Bayliss (1933), and Fergusson

et al. (1936).

Table 17. Absorption Cross Sections of Clz
A (nm) 10200( cm?) A (nm) 10200( cn?)

240 0.08 350 18.9
250 0.12 360 13.1
260 0.23 370 8.3
270 0.88 380 k.9
280 2.7 3% 3.3
.29 6.5 400 1.9
300 12.0 410 1.3
340 18.5 420 0.99
320 23.6 430 0.73
330 25.6 4340 0.53
340 23.6 hso 0.34
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€0 +hv +Cl + 0

The absorption cross sections of chlorine monoxide, Cl0C, have beeﬁ
reviewed by ‘Hatson (1977) There are some -recent measurements yielding
results. in reasonable agreement with the earlier ones, by Mandelman and
Nicholls (1977) in the 250-310 nm region; by Wine et al. (1977) around 283
nm; and by Rigaud et al. (1977) and Jourdain gt al. (1978) in the 270-310
m region.

The calculations of Coxon et al. (1976) and Langhoff et al. (1977)
indicate that photodecomposition of Cl0 accounts for at most 2 to 3
percent of the total destruction rate of C10 in the stratosphere, which

occurs predominantly %y reaction with oxygen atoms and nitric oxide.
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Cl00 + hy + Cl0 + O

Johnston gt al. (1969) measured the absorption cross sections of the

R

C100 radical using a molecular-modulation technique which required

interpretation of a complex kinetic scheme, The values listed in Table 18

are taken from their work.

Table 18. Absorption Cross Sections of Cl00

A{nm) 10200 (en?) Al nm) 102% (ca?)
225 260 255 1240
230 k90 260 1000
235 780 265 730
2140 1050 270 519
245 1270 275 340
250 1230 280 230

i et ar ey )



0C10 + hv > 0 + C10
The spectrum of OCl0 is characterized by a series of well developed
progression of bands extending from - 280 to 480 nm. The spectroscopy of
this_ﬁoleeule has been studied extensively, and the quantum yield for
photodissociation appears to be unity throughout the abovg wavelength
range--see, for eximple, the review by Watson (1977).
. Birks et al. (1977) have estimated a half-life against atmospheric

photodissociation of OCl0 of a few secords.
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0103 + hv + products

Table 19 lists aosorption cross sections of chlorine trioxide, Cl05,
for the 200 to 350 nm range obtained by girzplkical interpolation between
the.data points of Goodeve and Richardson {1937). Although the quantum
yield for decomposition has not been measured, the continuous nature of

the spectrum indicates that it is likeély to be unity.

Table 19. C103 Absorption Cross Sections

A 10204 A 102%
(nm) (cm2) (nm) (cm?)
200 530 280 460 ;
210 500 2% 430 i
220 480 300 500
230 430 310 320
240 350 320 250
250 370 330 180
260 530 340 110
270 450 350 76

o nm
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HCl + v - H+ C1
‘The absorptions cross sections of HCl, listed in Table 20, are taken

from the work of Inn (1975).

. Table 20. Absorption Cross Sections of HCl Vapor
A ' 10200 A 10206

(nm) (em?) (nm) (cm?)
140 21 185 31.3
145 281 190 14.5
150 345 195 6.18
155 382 200 2.56
160 332 205 0.983
165 2u8 210 0.395
170 163 215 0.137
175 109 220 0.048
180 58.8




HOCL + hv » OH + C1

Knauth et al. (1979) have measured absorption cross sections of HOCl
using essentially the same technique as Molina and Molina (1978) except
for a higher temperature, which allowed them to obtain a more acqurate
value for the equilibrium constant Keq for the H20-0120-H001laysten. The
cross sechtion values from Molina and Molina's measurements recalculated
using the new Keq are in excellent agreement with the results of Knauth et
al. The recommended values, taken from this later work, are presented in
Table 21.

Molina et al. (1980b), by monitoring directly OH fadicals produced
by laser photolysis of HOCl, obtain an absorption cross section value of
-6 x 10~2%cm? around 310 nm, again in excellent agreement with the data of
Knauth et gl. (1979).

In contrast, the theoretical predictions of Jafre and Langhoff
(1978) 1ndicate.negligib1e absorption at those wavelengths. The reason is
not known, although it should be pointed ocut that no precedent exists to

validate the theoretical approach for this particular type of problem.
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Table 21.

Absorption Cross Sections of HOC1

A 1020, A 10205
(nm) (cm?) (nm) (cm?)
200 5.2 310 6.2
210 6.1 320 5.0
220 11.0 330 3.7
230 18.6 340 2.4
240 22.3 350 1.4
250 18.¢C 360 0.8
260 10.8 370 0.45
270 6.2 380 0.24
280 4.8 390 0.15
290 5.3 400 0.05
300 6.1 520 0.0%
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C1NO = hv - Cl + NO v

Nitrosyl chloride has a continuous absorption extending beyond 650
nanometers. There is good agreement between the work of Hart;n and Gareis
'(i956) for the 240 to 420 nm wavelength region, or.Ballash and Armstrong
(1974) for the 185 to 540 nm region, and of Illies and Takacs 81976) for
the 190 to 400 nm region. These results indicate that the early data of
Goodeve and Katz (1939) were seriously in error between 186 and 300 nm,
whereas, at longer wavelengths, they are in good agreement with the more
recent measurements.

The recommended absorption cross sections, listed in Table 22, are
obtained by taking the mean of the results of Ballash and Armctrong (1974)
and of Illies and Takacs (1976). The two sets of measurements agree
within 20 percent, except in the region near 240 nm, where the values of
Ballash and Armstrong are about 60 percent higher.

The quantum yield for the primary photolytic process has been
reviewed by Calvert and Pitts (1967); it is unity over the entire visible

and near-ultraviolet bands.
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Table 22, C1NO Absorption Cross Sections

10205 (em?)

A(nm)

19 5270
200 6970
210 3180
220 1170
230 377
240 134
260 18.0
280 10.3
300 9.5
320 12.1
340 13.7
360 12.2
380 8.32
400 5.14




Nl e

CiNO, + hv > products

The absorption cross sections of'nitryi chloride, ClNdz, bave beén
neésﬂred between 230 and 330 nm by Ha;tin #nd Gareis (1956), between 185
and hOO.nm by Illies and ?akacs {1976), and betueen 270 and 370 na by
Neléon and Johnston (1981). The results are in good agreement below 300
nm. Table 23 lists the reconmisended values which are taken from Illies and
Takacs (1976) between 190 ard 270 nm, and from Nelson and Johnston (1981)
between 270 and 370 nm. These latter authors showed that a -6% Cl,
impurity in the samples used by Iliies and Takacs could explain the
discrepancy in the results above 300 nm.

Nelson and Johnston (1981) report a valu2s of one (within
experimental error) for the quantum yield for production at Cl atoms; they
also report a negligible quantum yield for the production of oxygen atoms.

Table 23. Atsorption Cross Sections of ClNO,

A(nm) 10200 (em?2) A (nm) 10205 (em?)
190 26 90 290 18.1
200 455 300 15.5
210 339 310 12.5
220 342 320 : 8.70
230 . 236 330 5.58
240 140 340 3.33
250 98.5 "+ 350 1.78
260 63.7 - 360 1.14
270 ' 37.2 370 O 0.72
280 - 22.3 o
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C10ONO + hv -+ products

Measuremernts in the near-ultraviolet of the eross sections of
chlorine nitrite (CLONO) have peen made by Holipa and Molina (1977).
Their results are listed in Table 24, The characteristics of the spectrum
and the instability of ClONO strongly suggest that the quantum yield for
decomposition is unity. The Cl-0 bond strength is only about 20
kilocalories, so that chl<rine atoms are likely photolysis products.

Table 24, ClONO Absorption Cross Sections at 231 K

A 10205 A 10205
(nm) (em?) (nm) (cm?)
235 215,0 320 80.3
240 176.0 325 75.4
245 137.0 330 58.7
250 106 .0 335 57.7
255 65.0 340 43.7
260 64.6 345 35.7
265 69.3 350 26.5
270 9.3 355 22.9
275 110.0 360 16.1
280 132.0 365 11.3
285 144.0 - 370 9.6
290 144.0 375 6.9
295 142.0 380 .1
300 129.0 385 3.3
305 114.0 3% 2.2
310 105.0 395 1.5
315 98.1 400 0.6

e
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C10NO, + h\) - produéts
| The recommended cross section values, listed in Table 25, are taken
from the work of Molina and Molina (1979), uhieh'Supersedes the earlier
work of hoﬁland, Spencer and Molina (1976). | .
The 1deht1ty of the priqary photolytic fragments has been
inveatigéted by several groups. Smith et al. (1977) report O + C10ONO as
the most likely products, using end product analysis and steady-state

pliotolysis. The results of Chang et al. (1979), who employed the "Very

Low Pressure Photolysis®™ (VLPPh) technique, indicate that the products are

Cl + N03. Adler-Golden and Wiesenfeld (1981), using a flash photolysis
atomic absorption technique, find O-atoms to be the predominant photolysis
product, and report a quantum yield for Cl-atom production of less than
49, The preferred results are those of Chang et al. (1979), and it
appears that the reason Adler-Golden and Wiesenfeld failed to observe Cl
was that the rate constant for Cl + C1N03 is much faster (two orders of
magnitude) than thought a% the time of their experiments, Margitan (1982),
and the Cl had disappearad on the time scale of their observations., Very
recent studies by Margitan (1982) on ClNO3 photolysis show a near 100%
yield of atomic Cl. None of these studies have been carried out at
wavelengths longer than 290 nm, which is the relevant range for
atmospheric photodissociation. Furiher studies are required on this

question.
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Table 25. Absortption Cross Sections of ClONOp
\ 102%; (cn?) A 10200(cm?)

(nm) - 227K 3K 296K (nm) 227K 243K 296K

190, 555 - 589 325 0.463 '0.502  0.655
195 358 - 381 330 0.353 0.381 0.514
200 - 293 - 307 335 0.283 0.3C7 0.397
205 293 C - 299 340 0.246 0.255 0.323
210 330 - 329 345 0.214 0.223 0.285
215 362 - 360 350 0.198  0.205 0.246
220 348 - 344 355 0.182 0.183 0.218
225 282 - 286 360 0.170 0.173 0.208
230 206 - 210 365 0.155 0.159 0.178
235 141 - 149 370 0.142 0.140 0.162
240 98.5 - 106 375 0.128 0.130 0.139
245 70.6 - 77.0 380 0.113 0.114 0.122
250 52.6 50.9 57.7 385 0.098 0.100 0.108
255 39.8 39.1 4y.7 3% 0.690 0.083 0.090
260 30.7 30.1 34.6 395 0.069 0.070 0.077
265 23.3 23.1 26.9 400 0.056 0.058 0.064
270 18.3 18.0 21.5 405 - - 0.055
275 13.9 13.5 16.1 410 - - 0.044
280 10.4 9.98 11.9 415 - - 0.035
285 7.50 7.33 8.80 420 - - 0.c27
290 5.45 5.36 6.36 425 - - 0.020
295 3.74 3.83 4,56 430 - - 0.016
300 2.51 2.61 3.30 435 - - 0.013
305 1.80 1.89 2.38 440 - - 0.009
310 1.28 1.35 1.69 445 - - 0.007
315 '0.892 0.954 1.23 450 - - 0.005
320 0.630 - 0.681 0.895
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HALOCARBON ABSORéTION CROSS SECTIONS AND QUANTUM !IELDS.-

The primavry process in the photodissociation of ochlorinated
hydrocarbons 1s well'established: absorption of ultraviolet radiation in
the lowest frequency band is interpreted as an n- #* transition involving
eﬁcitation to a repulesive electronic state (antibonding in C-Cl), which
dissociates by breaking the carbon~-chlorine bond (Majer and Simons, 1964).
As expected, the chlorofluoromethanes-=-which are just a particular type of

chlorinated hydrocarbons--behave in this fashion (Sandorfy, 1976). Hence,

the quantum yield for photodissociation is expected to be unity for these
compounds., There are several studies which show specifically that this is
the case for CFZCia, CFCl3 aand CCl,. Thess studies--which have been
reviewed in CODATA (1982)--also indicate that at shorter wavelengths two
halogen atoms can be released simultaneously in the primary process.
Several authors have investipgated recently the absorption croas
sections for CCly, CCl3F, CCl,F,, CHC1F2, and CH3CI--e.gq Hubrich at al.

(1977); Hubrich and Stuhl (1980); Vanlaethem-Meuree gt al. (1978a,b);

e atahad

Green and Wayne (1976-1977)~-and their results are in general in very good
agreement with our earlier recommendations. Tables 26, 27 and 28 list the

present recommencations for the cross sections of CClu, CCl3F and CC12F2

-respectively; these data are given by the mean of the values reported by
various groups--those cited above as well as those referred to in earlier
evaluations-~-as reviewed by CODATA (1982). For atmospheric
photodissociation calculations the change in the cross section values with
temperature is negligible for CCly and CFCl3; fer CF2012 the temperature
dependence is given by the expression at the bottom of'Table 28.

The species CHCLF,, CH3Cl and CH3CC13 are discussed individually;
their absorptiqn croﬁa'sections are listed in Tgblea 29, 30 and 32,
respectively. '

The pbsorptioun cross sections for various other halocarbons not



_ liaied in this evaluation have been investigated -recently. For CC].F3,
CC12FCC1F2, CC1F2601F2 and CClFZCF3 the values given by Hubr;cb and Stuyl
{1980) at 298 K are in very good agreement with the earlier results or
Chou at al. (1978) and of Ro_bbins (1977); Hubrich and Stuhl also report
values of 208 K for these species.

| Absorption cross sections have also been measured recently for
several other halocarbons, including the following: CHC1,F by Hubrich at
al. (1977); CHClj, CHpClp, CH3ClF, CF3CHpCl, CH3CC1lF, and CH3CH,Cl by
Hubrich and Stuhl (1980); CHCl3, CH3Br, CHFClp, CoFyBrp, CpHCl3 and
CoH3Cly by Robbins (1977); CHpCl, and CHCly by Vanlaethem-Meuree gh al.
(1978a); CHC1,F, CCLF,CHyCl, CF3CHyCl, CF3CHCl, and CH3CF,Cl by Green and
Wayne (1976-197T); and CH3Br, CHpBr,, CBrF3, CBroFp, CBrClF,, CBrF,CBrF;
and CBrf,CF by Molina gt ai. (1982).
Fcr atmospheric modeling purposes the present recommendations for
halocarbon cross section values are essentially the same as those listed
in our previous evaluation. As before, the recommendation for the

photodissociation quantum yield value is unity for all tiese specles.
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Table 26. Absorption Cross Sections of CCly
A (nm) 10205 (cm?) A (nm) 10205 (cn?)
174 995 218 21.8
176 1007 220 17.0
178 976 222 13.0
180 T2 224 9.61
182 589 226 7.19
184 450 228 5.49
186 318 230 b,o7
188 218 232 3.01
190 144 234 2.16
192 98,9 236 1.51
194 TH. 4 238 1.13
196 68.2 240 0.784
198 66.0 242 0.579
200 6h.. 244 0.414
202 62.2 2h6 0.314
204 60.4 248 0.240
206 56.5 250 0.183
208 52.0 255 0.0661
210 46.6 260 0.0253
212 39.7 265 0.0126
214 33.3 270 0.0061
216 27.2 275 0.0024
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Table 27. Absorption Cross Sections of CCl3F

A(nm)  10200(cm?) A (nm) 10200(cm2)
170 316 208 21.2
172 319 210 15.4
174 315 212 10.9
176 311 214 7.52
178 304 216 5.28
180 308 218 3.56
18 285 220 2.42
184 260 222 1.60
186 233 224 1.10
188 208 226 0.80
190 178 228 0.55
192 149 230 0.35
194 123 235 0.126
196 99 240 0.0464
198 80.1 245 0.0173
200 64.7 250 0.00661
202 50.8 255 0.00337
204 38.8 260 . 0.00147

206 29.3




Table 28.

Absorption Cross Sections of CClpFp

A(nm) 10205 (em?) A(nm) 10205 (ex?)
170 124 200  8.84
172 151 202 5.60
174 M 204 3.47
176 183 266 2.16
178 189 208 1.32
180 173 210 0.80
182 157 212 0.48
184 137 214 0.29
186 104 216 0.18
188 84.1 218 0.12
190 62.8 220 0.068
192 4y .5 225 0.022
194 30.6 230 0.0055
196 20.8 235 0.0016
198 13.2 240 0.00029

op = 0pggexpll.1 x 10-%(\~184.9)(T-298)]

Where: G298

cross section at 298K

~temperature,
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CHC1F, + v + products
- The preferred absorption cross sections, listed in Table 29, are the
mean of the values reported by Robbins and Stola~ski (1976) and Chou gt
al, (1976), uhich are in excellent agreement with each other. Hubrich et
-al. (1977) have reported cross sections for CHCIFZ at 295 K and 208 K.
Their results indicate a significant temperature dependence for )\ > 200
nm, and their room temperature values are somewhat higher than those of
the former two -grou ps.

Photolysis of CHCIFZ is rather unimportant throughout the

atmosphere; reaction with OH radical is the dominant destruction process.

Table 29. Absorption Cross Sections of CHClF2

A(nm) 10205 ( cn2)
174 5.94
176 4.06
178 2.85
180 1.99
182 1.30
184 " 0.825
186 0.476
188 0.339
190 0.235
192 0.157
194 0.100
196 0.070
198 0.039
200 . 0.026
202 0.022
204 0.013
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CB3CJ. + hv + products

The preferred absorption cross sections, listed in Table 30, are

those given by Vanlaethem~Meuree «i al. (1978b). These values are in

very good agreement with those reported by Robbins (1976) at 298 K, as

well as with those given by Hubrich et al. (1977) at 298 K and 208 K, 1if

the temperature trend is taken into consideration.

Table 30. Abdorption Cross Sections of CH3C1

A 10205 (em?)

(om) 296 K 279 K 255 K
186 24.7 24.7 24.7
188 17.5 17.5 17.5
190 12.7 12.7 12.7
192 8.86 8.86 8.86
194 6.03 6.03 6.03
196 4.01 4.01 1.01
198 2.66  2.66 2.66
200 1.76 1.76 1.76
202 1.09 1.09 1.09
204 0.691 0.691 0.691
206 0.483 0.475 0.469
208 0.321 0.301 0.286
210 . 0.206 0.189 0.172
212 - 0.132 0.121 0.102
214 0.088 0.074 0.059
216 0.060 0.048 0.033




' CC1p0 + Iv »~ products, CCIFO + Iv + products, and CFp0 + IV + products

_ Table 31 shows the absorption cross sections of CClzo {phosgene) and

CFC10 given by Chou gt al. (1977a), and of CF,0 taken from the work of

Molina and Molina (1982). The spectrum of CF,0 shows considerable
structure; the values listéd in Table 31 are averages over each 50~
wavenumber intervai. The spectrum of CFCl1l0 shows less atructure; and the
00120 spectrum is a continuum; its photodissociation quantum yield is
unity (Calvert and Pitts, 1967).

The quantum yield for the photodissociation of CF,0 at 206 nnm
appears to be ~0.25 (Molina and Molina, 1982); additional studies of the
quantum yield in the 200 nm ragion are required in order to establish the

atmospheric photodissociation rate.
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Table 31. Absorption Cross Sections of cc120, CClEO, and CFZO _

10206(cm2)
A

(nm) cC1,0 CC1FO CF,0
184.9 204.0 - -
186.0 189.0 15.6 5.5
187.8 137.0 14.0 5.8
189.6 117.0 13.4 5.2
191.4 93.7 12.9 3.7
193.2 | 69.7 12.7 3.1
195.1 52.5 12.5 2.6
197.0 41.0 12.4 2.1
199.0 31.8 12.3 1.6
201.0 25.0 12.0 1.3
203.0 20.4 11.7 0.95
205.1 16.9 11.2 0.69
207.3 15.1 10.5 0.50
209.4 13.4 9.7 0.34
211.6 12.2 9.0 0.23
213.9 11.7 7.9 0.15
216.2 11.6 6.9 0.10
218.6 11.9 5.8 0.06
221.0 12.3 4.8 0.04
223.5 12.8 4.0 0.03
226.0 13.2 3.1 -

sl



CH3CCl3 + by + products

The absor-ption cross sections have been measured by Robbins (1977),
by Vanlaethem~Meuree gt al. (1979) and by Hubrich and Stuhl (19680). These
;atter authors corrected the results to account for the pPresence of a UV-
absorbing stabilizer in their samples, a correction which might account
for the rather large discrepancy with the other measurements, The results
of Robbins (1977) and of Vanlaethem-Meuree gt al. (1979) are in good
agreement. The recommended values are taken from this latter work (which
reports values at 210 K, 230 K, 250 K, 270 K and 295 K, every 2 nm, and in
a separate table at wavelengths corresponding to the wavenumber intervals
generally used in stratospheric photocdissociation calculations). Table 32
lists the values at 210 K, 250 K and 295 K, every 5 nm; the odd wavelength

values were computed by linear interpolation.
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Table 32. Absorption Cross Sections of CH3CClg

A 102°c(cm2}
(nm) :
" 295K 250K 210K

185 265 265 265

- 190 192 192 192
195 129 129 129
200 81.0 81.0 81.0
205 46.0 44,0 42.3
210 24,0 21.6 19.8
215 10.3 8.67 7.47
220 4.15 3.42 2.90
225 1.76 1.28 0.97
230 0.790 0.470 0.330
235 0.282 0.152 0.088
240 0.102 0.048 0.024
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Bz‘(}i\l()2 + v + products

The bromine nitrate cross sections have been measured at room

BN T
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temperature by Spencer and Rowland (1978) in the wavelength region 186-390

nm; their results are given in Table 33.

known.

The photolysis products are not

Table 33. Absorption Cross Sections of Br'mo2

A 10200 A 10205
(nm) (cm?) (nm) (cm2)
186 1500 280 29
190 1300 285 27
195 1000 290 24
200 T20 295 22
205 430 300 19
216 320 305 18
215 270 310 15
220 2u0 315 14
225 210 320 12
230 190 325 11
235 170 330 1
240 130 335 9.5
245 100 340 8.7
250 78 345 8.5
255 61 350 T.7
260 48 360 6.2
265 39 370 4.9
270 34 380 4.0 -
275 31 39 2.8
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HF + hv. - H + F
The ultraviolet absorption spectrum of HF has been studied by Safary
€t al. (1951). The onset of absorption occurs at A < 170 nm, so that

photodissociation of HF should be unimportant in the stratosphere,

CH,0 + hv + H + HCO (¢ 4)
+Hy + CO (¢,)

Bass et al. (1980) have recently measured the absorption cross
sections of formaldehyde with a resolution of 0.05 nm at 296 K and 223 K.
The cross sections have also been measured by Moor: . et al. (1980) with
a resolution of 0.5 nm in the 210-360 K temperaturc range;_their values
are ~30% larger than those of Bass et al. for wavelengths longer than 300
nm. The recommended cross section values, listed in Table 34, are the
mmean of the two sets of data (as computed in CODATA, 1982).

The quantum yields have been reported with good agreement by
Hcrowitz and Calvert (1978), Clark et al. (1978), Tang et al. (1979),
Moortgat and Warneck (1979), and Moortgat et al. (1981). The recommended
values listed in Table 34 are taken from the latter work. The quantunm
yield 4’2 is pressure dependent for wavelengths longer than 329 nm, and is
given by the expression at the bottom of Table 34, which is based on the

values reported by Moortgat et al. (1981) for 300 K.
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Table 34. Absorption Cross Sections and Quantum Yields for
Photolysis of CHzo.

: 1020, (cn?) :
A _ * *2 3
() | 2% K 220K (H + HCO) (8, + cO)
240 0.03 0.08 0.21 0.42 E
25 | 0.13 0.08 0.24 0.46 o
260 0.47 0.47 0.30 0.48 i
270 0.86 0.85 0.40 0.46 ' §
280 1.86 1.93 0.59 0.35 "
290 2.51 2.47 0.71 0.26 '
300 2.62 2.58 0.78 0.22
310 2.45 2.40 0.77 . 0.23
320 1.85 1.71 0.62 0.38
330 1.76 1.54 0.17 0.80
3to 1.18 1.10 0 0.69*
350 0.42 0.39 0 0.40"
360 0.06 0.02 0 0.12*

Note: The values are averaged for 10 nmm intervals centered on

indicated wavelength.
]
: at p = 760 torr

For A > 329 mm, ¢, is given by the follcwing expression:

s = 1 - exp(112.8-0.347))
2 P ,\-329
L+ 560 $Seax)

A : nm

P : torr
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cH3OOH + hv + products
Molina and Arguello (1979) have measured the absorption cross
sections of cH3OOH vapor. Their results are listed in Table 35.

Table 35. Absorption Cross Sections of CH3ooa

A 1020, A 1024, A 102%
(nm) (cm?) (nm) (em?) (nm) (cm?)

- 210 37.%5 260 3.8 310 0.3%
220 22.0 270 2.3 320 0.19
230 13.8 280 1.5 330 0.11
240 8.8 290 0.90 340 0.06
250 5.8 300 0.58 350 0.04

ORIGINAL PAGE I3
OF POOR QUALITY
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_ ch} h -+ pr-oducts and Cii3CN + v + products

'Herzberg and Innés (1975) have studied tﬂe spectroscopy of hydrogen
cyanide, HCN, which starts absorbing weakly ét A < 190 nm. McElcheran ,gt
al. (1953) have reported the sbectrum 61‘ me-thyl cyanide, CH3cu; the first
absorbtibn band appears at A < 216 nm.

The solar photodissoeiation rates for these molecules should be
rather small, even in the upper stratosphere: estimates of these rates
would require additional studies of the absorption cross sections and

quantum yilelds in the 200 nm region.
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S0, + hv -+ products

The UV absorption spectrum of soz is highly structured, with a very

weak absarption in the 3%0-390 nm region, a weak absorption in the 260-340
nm, and a strong absorption extending from 180 to 235 nm; the thresheld
waw}elen'gth for photodissociation is ~220 nm. The at;nosphel‘ic
photochemistry of S0, has been reviewed by Calvert et ai. (1978), the
conclusion being that direct photooxidation at wavelengths longer than
~300 nm by way of the electronically excited states of 20, is relatively

unimportant.
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0CS + hy + CO + S .

~ The absorption cross sections of 0CS have been meaéuréd by Chou et
al. (1979) between 186 and 226 nm, at 296, 251 and 232 K (the results are
unpublished); by Breckanidga and Taube (1970), who presented their 298 K
results in graphical form, betweeﬁ 200 and 260 nm; by Rudolph and Inn
(1981) between 200 and ~300 nm (see also Turco et al., 1981), at 297 and
195 K; and by Molina et al. (1981) between 180 and 300 nm, at 295 and 225
K. Tﬁe results are in good agreement in the regions of overlap, except
for A > 280 nm, where the cross section values reported by Rudolph and Inn
(1981) are significantly larger than those reported by Molina et al.
(1981). The latter authors concluded that solar photodissociation of 0OCS
in the troposphere cccurs only to a negligible extent.

The recommended cross sections, given in Table 36, are taken from
Molina gt al. (1981). (The original publication also lists a table with
aross sectionsa values averaged over 1 nm intervals, between 185 and 200
nm).

The recommended quantum yield for photodissociation is 0.72. This
value is taken from the work of Rudolph and Inn (1981), who measured the

quantum yield for CO production in the 220-254% nm range.
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Table 36. Absorption Cross Sections of 0CS

A 10205 (em?) " 10200(cm?)

(nm) (nm)

295 K 225 K. 295 K 225 K
186.1 18.9 13.0 ° 228.6 26.8 23.7
187.8 8.33 5.63 - 231.2 22.1 18.8
189.6 3.75 2.50 233.9 17.1 14.0
191.4 2.21 1.61 236.7 12.5 9.72
193.2 1.79 1.53 239.5 8.54 6.24
195.1 1.94 1.84 242.5 5.61 3.89
197.0 2.48 2.44 245.4 3.51 2.29
199.0 3.30 3.30 248.5 2.11 1f29
201.0 4,48 4.50 251.6 1.21 0.679
203.1 6.12 6.17 254.6 0.674 0.353
205.1 8.19 8.27 %58.1 0.361 0.1r8
207.3 10.8 10.9 261.4 0.193 0.0900
209.4 14 .1 14.2 264.9 0.0941 0.0419
211.6 17.6 17.6 268.5 0.0486 0.0199
213.9 21.8 21.8 272.1 0.02:8 0.0101
216.2 25.5 25.3 275.9 0.0119 0.0048
218.6 28.2 27.7 279.7 0.0584 0.0021
221.5 30.5 29.4 283.7 0.0264 0.0009
223.5 31.9 29.5 287.8 0.0012 0.0005
226.0 30.2 27 .4 292.0 €.00C5 0.0002

296.3 -

0.0002

Photbdissociation quantum yield ¢ = 0.72
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CSp + hv +Cs + 8

The CS, absorption spectrum is rather complex. 1Its photochemistry
has been reviewed by Okabe (1978). There are two distinct regions in the
near UV spectrdm: a strong absorption extending from 185 to 230 nm, and a
- weaker one in the_290-380 nm range. The threshold ﬁavelength for

photodissociation is ~280 mm.
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